
6 .  

' .  
t . 
: 

f' 

d 
1 

OAK 
RIDGE 
NATIONAL 
LABORATORY 

OPERATED BY 
TlON 

Paul A. Haas ' 

Ray D. Arthur ' 
W. B. Stines 

ORNL-5735 

n 

Development of Thermal 
Denitratkm to Prepare 

Uranium Oxide and Mixed Oxides 
for N wclear Fuel Fabrication 

1 -- 

I 



Printed iin the UlnExed States of Ammica. Aveiibbde f r m  
the Dapertment of EnarOly 

Technical I n f m t i o n  Cenm 
P.O. &ox 62, Oak Ridge. TeRnsrrea 37830 

I 1 

c 
9 



. -. . 

e 

ORNL-57 35 
Dist. Category UC-86 

( Ap p li ed ) 

Contract No. W-7405-eng-26 

Consolidated Fuel Reprocessing Program 

DEVELOPMENT OF THERMAL DENITRATION TO PREPARE URANIUM OXIDE 
AND MIXED OXIDES FOR NUCLEAR FUEL FABRICATION 

Paul A. Haas 
Ray D. Arthur 

Chemical Technology Division 

and 

W. 8. Stines 

Metals and Ceramics Division 

Date Published: September 1981 

OAK RIDGE NATIONAL ‘LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 



. 

. 

a 

. .- 
a 



iii 

CONTENTS 

Page 

ABSTRACT ......................................................... 1 . 
1 . INTRODUCTION .................................................. 1 

1.1 Review of Codenitration Evaluations ...................... 2 
1.2 Scope of Studies ......................................... 4 . 

2 . DISCUSSION OF FUEL PELLET AND CERAMIC PROPERTY SPECIFICATIONS .. 4 
2.1 Sinterability Test Procedure ............................. 6 

3 . CEWlIC PROPERTIES VERSUS CHEHICAL FLOWSHEET CONDITIONS ....... 7 

4 . LABORATORY STUDIES OF U02(N03)2-NHqN03 DECOMPOSITIONS ......... 8 
4.1 Oxide Properties for Batch Thermal Decompositions ........ 10 
4.2 Visual Observations of Thermal Decomposition Behavior .... 13 
4.3 Thermal Analyses of Samples Containing NH4NO3 ............ 15 
4.4 Material Balance Tests ................................... 17 
4.5 Discussion of the Effects of NH4N03 ...................... 17 
4.6 Decomposition in a Microwave Oven ........................ 21 

5 . ROTARY KILN TEST SYSTEM AND .SULTS ........................... 21 
5.1 Ceramic Properties of Rotary Kiln Products ............... 23 
5.2 Demonstration Tests in a 16-cm-diam Rotary Kiln .......... 39 
5.3 Solids Discharge Behavior ................................ 44 
5.4 Results from the Off-Gas System .......................... 46 
5.5 Mechanical Operation. Corrosion. and Capacity ............ 48 

6 . WASTE HANDLING AND PROPOSED FLOWSHEET CONDITIONS .............. 49 
7 . RESULTS AND CONCLUSIONS ....................................... 51 

8 . ACKNOWLEDGEMENTS .............................................. 53 

9 . REFERENCES .................................................... 53 

.PENDIX .......................................................... 55' 

. .  



. 

b . 



1 

. .- 

- _  

DEVELOPMENT OF THERMAL DENITRATION TO PREPARE URANIUM OXIDE 
AND M I X E D  OXIDES FOR NUCLEAR FUEL FABRICATION 

Paul  A. Haas 
Ray D. Arthur 
W. B. S t i n e s  

ABSTRACT 

The s t a t u s  and experimental  development of thermal den i t r a -  
t i o n  i n  f u e l  conversion processes  are descr ibed and reviewed. 
The n i t r a t e  s o l u t i o n s  of uranium and plutonium from f u e l  re- 
processing must be converted i n t o  oxide p a r t i c l e s  with good 
ceramic p r o p e r t i e s  f o r  f u e l  r e f a b r i c a t i o n .  S tudies  of t he  
chemical f lowsheet condi t ions  revealed t h a t  t he  presence of 
ammonium n i t r a t e  (NH4NO3) i n  the  d e n i t r a t i o n  feed g r e a t l y  im-  
proved t h e  ceramic p r o p e r t i e s  of t he  product oxides. Uranium, 
uranium-thorium, and uranium-cerium oxides were prepared by 
continuous d e n i t r a t i o n  i n  an 8-cm-diam r o t a r y  k i ln .  Tests were 
made with o the r  compositions on a small scale and, with uranium 
oxides  only,  i n  a 16-cm-diam r o t a r y  k i ln .  S i n t e r a b i l i t y  tests 
of oxides made from feed s o l u t i o n s  conta in ing  NH4NO3 showed good 
mic ros t ruc tu re  and d e n s i t i e s  of 90 t o  93% of t h e o r e t i c a l  values  
f o r  uranium oxide and uranium-thorium oxides  prepared by ther-  
m a l  d e n i t r a t i o n  of netal  nitrate-NHqN03 so lu t ions .  For metal 
nitrate-HN03 feed s o l u t i o n s  without NH4NO3, the  p e l l e t  micro- 
s t r u c t u r e s  were poor, and t h e  p e l l e t  d e n s i t i e s  were 68 t o  76% 
of the  t h e o r e t i c a l  values.  From these  r e s u l t s  without pluto- 
nium, use of t he  r o t a r y  k i l n  and NH4NO3 i n  t h e  feed is recom- 
mended f o r  coden i t r a t ion  of uranyl  ni t ra te-plutonium n i t r a t e  
so lu t ions .  

1. INTRODUCTION 

Reprocessing t o  recover f i s s i l e  materials from spent  f u e l  elements o r  

f u e l  f a b r i c a t i o n  scrap w i l l  produce p u r i f i e d  s o l u t i o n s  of uranyl  n i t r a t e ,  

plutonium n i t r a t e ,  o r  mixed metal n i t r a t e s .  

reprocess ing  f a c i l i t y  w i l l  be the  conversion of t hese  s o l u t i o n s  t o  oxide 

powders with acceptab le  ceramic p r o p e r t i e s  f o r  f a b r i c a t i o n  of nuc lear  f u e l  

p e l l e t s .  Coconversion of uranium and plutonium (U-Pu), with no sepa ra t ion  

of f r e e  Pu, provides a safeguard aga ins t  t he  d ive r s ion  of Pu. Coconversion 

The f i n a l  opera t ion  i n  t h e  
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can, i n  theory,  reduce the  number of process  opera t ions  and a l s o  i n s u r e  a 

more uniform composition as compared t o  separate p repa ra t ion  of U02 and 

Pu02. Development of coconversion processes  is p a r t  of t he  Advanced Fuel 

Recycle Program d i r e c t e d  by the  Oak Ridge Nat ional  Laboratory. A s  p a r t  of 

t h i s  program, an eva lua t ion  of coconversion process  a l t e r n a t i v e s  has been 

completed and r ep0r t ed . l  

d e t a i l e d  eva lua t ions ,  inc luding  d e f i n i t i o n s  of research  and development 

requirements.  Development s t u d i e s  f o r  t hese  coconversion processes  have 

been i n  progress  and have been reported.  2 ,3 ,4  

of uranyl  n i t ra te -p lu tonium n i t r a t e  s o l u t i o n s  i s  one of t h e  these  s e l e c t e d  

coconversion processes.  

Three a l t e r n a t i v e s  were s e l e c t e d  f o r  more 

Direct thermal c o d e n i t r a t i o n  

1.1 Review of Codeni t ra t ion  Evaluat ions 

I n  order  t o  e s t a b l i s h  the  research  and development s t u d i e s  needed f o r  

a p p l i c a t i o n  of coden i t r a t ion ,  eva lua t ions  of both processes  and equipment 

are required.  The r e s u l t s  of t hese  comparisons are reviewed i n  t h i s  

s ec t ion ;  more d e t a i l e d  d i scuss ions  may be found i n  t h e  r epor t  f o r  t h e  eva- 
l u a t i o n  study. 1 

I n  cons ider ing  conversion processes ,  d i r e c t  c o d e n i t r a t i o n  w a s  t he  f i r s t  

choice because it  had many inpor t an t  s t r e n g t h s  and few weaknesses as com- 

pared t o  the  a l t e r n a t i v e s  (Table 1 ) . l  

qua te ly  demonstrated with U-Pu, t he re fo re ,  t h i s  w a s  not s i g n i f i c a n t  f o r  

process  s e l e c t i o n ,  but i t  does i n d i c a t e  an important development need. The 

ques t ionable  ceramic q u a l i t y  of t he  product ,  however, is an important 

weakness. Thermal d e n i t r a t i o n  of uranyl  n i t r a t e  and subsequent reduct ion  

g ives  uranium oxide (U02) of low su r face  area and r e a c t i v i t y ,  which s i n t e r s  

poorly compared t o  U02 from p r e c i p i t a t i o n  conversion processes .  Extensive 

gr inding ,  s lugging,  and o the r  powder t rea tments  have given good r e s u l t s  f o r  

d e n i t r a t i o n  products ,  but a l l  la rge-sca le  product ion of U02 p e l l e t  f u e l s  

has  been with p r e c i p i t a t i o n  products.  Limited r e s u l t s  i n d i c a t e  much b e t t e r  

ceramic p r o p e r t i e s  f o r  plutonium oxide (Pu02) from thermal d e n i t r a t i o n  pro- 

duc ts  than those f o r  U02. 

from d e n i t r a t i o n  a l s o  a p p e a r s  t o  have b e t t e r  ceramic p r o p e r t i e s  than 

Pu02 from peroxide or  hydroxide p r e c i p i t a t i o n s .  

None of t he  processes  had been ade- 

While the  d i f f e r e n c e  is not proven, t h e  Pu02 
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Table 1. Codenitration process evaluation 

Weaknesses 

Simple, straightforward process Questionable ceramic quality of product 

No change in Pu-U ratio during processing Undemonstrated on U-Pu system 

Few pieces of failure-prone equipment 

Minimum remote operability and remote maintenance problems 

Process off-gases and wastes friendly 

Low in-process holdup (relatively simple accountability) 

Kilns demonstrated at scale in U service 

Safest of three processes (no peroxide or ammonia) 

No chemicals added (for process as evaluated) 

w 

Source : Table 1 from Processing AZternatives for Uranium-Pzutonium ConVer6<on, NEDG-2 1951, by 
R. J. Sloat, et al., General Electric Company, San Jose, Calif. (1973). 
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Eight  d i f f e r e n t  types of d e n i t r a t i o n  equipment are compared by S l o a t ,  

e t  a1.l; f i v e  have been used f o r  la rge-sca le  product ion wi th  n a t u r a l ,  

deple ted ,  o r  low-enrichment uranium t o  p r e p a r e  U02 f o r  f u r t h e r  conversions 

t o  UFg o r  uranium m e t a l .  The o the r  t h r e e  were t e s t e d  i n  development u n i t s  

only. Den i t r a t ion  with U-Pu w i l l  r equ i r e  c r i t i c a l i t y  c o n t r o l  and remote 

opera t ion ,  and these  requirements g r e a t l y  inf luence  t h e  choice of equipment. 

Among t h e  f i v e  demonstrated types of equipment, t he  continuous r o t a r y  k i l n  

with blteaker bars  w a s  s e l e c t e d  as most promising f o r  U-Pu coden i t r a t ion .  

The f i r s t  a l t e r n a t i v e  equipnent type i n  t h i s  eva lua t ion  w a s  a r e l a t i v e l y  

novel ,  incompletely developed flame r e a c t o r  with radio-frequency hea t ing .  

1 

1 . 2  Scope of S tud ie s  

The scope of t he  s t u d i e s  repor ted  he re  w a s  p a r t i a l l y  based on these  

f o u r  assumptions: 

1. The c o d e n i t r a t i o n  equipnent would be of t he  r o t a r y  k i l n  type,  as pro- 

posed by t h e  program eva lua t ion  of a l t e r n a t i v e s .  

2. Chemical f lowsheet condi t ions  should be i n v e s t i g a t e d  f o r  t h e i r  e f f e c t s  

on t h e  h ighly  important ceramic p r o p e r t i e s  of U02 products .  

3.  The only dependable eva lua t ion  of ceramic p r o p e r t i e s  i s  s i n t e r a b i l i t y  

tests ( f a b r i c a t i o n  of p e l l e t s  with s p e c i f i e d  condi t ions) .  

4. The engineer ing  development s t u d i e s ,  inc luding  development of equip- 

ment and procedures f o r  a c o d e n i t r a t i o n  p i l o t  p l a n t ,  would be done 

without plutonium, but t he  results must m e e t  t he  c r i t i c a l i t y  and 

remote ope ra t ion  requirements f o r  (U-Pu)O2. Operation of p i lo t -p l an t  

scale equipment without plutonium and glovebox demonstrat ion of t he  

chemical f lowsheet t o  p r e p a r e  (U-Pu)O2 would be very des i r ab le .  

The ceramic p r o p e r t i e s  of t he  oxide powders can be improved by je t  

gr inding  o r  o the r  t reatments .  Therefore ,  r e p r e s e n t a t i v e  product batches 

must be prepared t o  a l low f o r  development of t hese  t rea tments ,  i n  a d d i t i o n  

t o  the  product samples  needed f o r  s i n t e r a b i l i t y  tests. 

2. DISCUSSION OF FUEL-PELLET AND CEKAMIC PROPERTY SPECIFICATIONS 

The gene ra l  s p e c i f i c a i i o n s  f o r  a l l  nuc lear  r e a c t o r  f u e l s  are b a s i c a l l y  

The primary s p e c i f i c a t i o n  t h e  same, al though spec i f  &.de-tails may d i f f e r .  

i s  t h a t  f o r  fue l -p in  pe l le t s ;  f u e l  oxide powder s p e c i f i c a t i o n s  are secon- 

dary and are empi r i ca l  o r  performance-oriented. 

CI . 
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One set of s p e c i f i c a t i o n s  concerns t h e  chemical composition of fue l s .  

The f i n a l  oxygen/metal r a t i o  i s  ad jus t ed  by r e a c t i o n  with H2 during s in-  

t e r ing .  Organic b inders  o r  l u b r i c a n t s  may be used, s i n c e  they are ther-  

mally decomposed. Otherwise, t he  powders must meet the  same composition 

s p e c i f i c a t i o n s  as the p e l l e t s .  For coden i t r a t ion ,  t h e  conversion product 

oxides w i l l  con ta in  a l l  nonvo la t i l e  impur i t i e s  i n  the  feed so lu t ion ,  p lus  - 
any co r ros ion  products.  

A second set  of s p e c i f i c a t i o n s  concerns the  s t r u c t u r e  (both macro and 

micro) of the p e l l e t .  The powder p r o p e r t i e s  and the  p e l l e t  f a b r i c a t i o n  

procedures must c o n s i s t e n t l y  give acceptab le  s t r u c t u r e s  as f r e e  as poss ib l e  

from both macro and micro de fec t s .  Macro d e f e c t s  inc lude  cracks,  lamina- 

t i o n s ,  noncy l ind r i ca l  shapes,  and gross  p o r o s i t i e s .  Micro de fec t s  involve 

g r a i n  s i z e ,  microporosi ty ,  and the  f i g u r e  of merit f o r  Pu homogeneity. 

The p e l l e t  f a b r i c a t i o n  procedures can f r equen t ly  be var ied  with some sacri- 

f i c e  of dens i ty  t o  improve the  s t r u c t u r e .  For coconversion, t he  U-Pu 

n i t r a t e  s o l u t i o n s  can be completely homogeneous; condi t ions  should be 

s e l e c t e d  s o  as t o  minimize any sepa ra t ion  of the  uranium and plutonium 

during conversion. 

* 

The f i n a l  set  of s p e c i f i c a t i o n s  r e f e r s  t o  the  ceramic p rope r t i e s  of t he  

oxide powders and r equ i r e s  product ion of pe l le t s  with cons i s t en t ,  reprodu- 

c i b l e  d e n s i t i e s  t h a t  average 89 t o  93% of the  t h e o r e t i c a l  d e n s i t i e s .  For 

t h e  powders, t he  a s soc ia t ed  s p e c i f i c a t i o n  is a s i n t e r a b i l i t y  tes t  t h a t  spe-  

c i f i e s  t he  p e l l e t  dens i ty  under condi t ions  similar t o  production condi t ions .  

The B.E.T. su r f ace  area, the  p a r t i c l e  s i z e ,  and t h e  bulk or  t a p  dens i ty  

provide u s e f u l  i n t e r n a l  checks on product q u a l i t y  and consis tency f o r  a 

given powder p repa ra t ion  process.  Par t ic le  B.E.T. su r f ace  areas of 5 t o  15 

m2/g [with 2.5 m2/g as the  lower l i m i t  a f t e r  c a l c i n a t i o n  and reduct ion  t o  

(u-pu)02] and p a r t i c l e  s i z e s  0 5 0  w t  %) below 10 pm are p re fe r r ed ,  while  

low bulk d e n s i t i e s  o r  excess ive  dus t ing  should be avoided. The B.E.T. sur- 

f ace  area can be increased ,  o r  the p a r t i c l e  s i z e  reduced, by jet gr inding ,  

b a l l  mi l l i ng ,  o r  similar t reatments .  

are convenient f o r  pe l l e t -p re s s  feed ,  but lower d e n s i t i e s  may be acceptab le  

o r  may be increased  by pregranula t ing  treatments. 

Bulk or  t a p  d e n s i t i e s  of >2.5 g/cm3 

*The f i g u r e  of merit is a q u a n t i t a t i v e  measure of t h e  uniformity of 
U/Pu r a t i o s  as determined by a procedure and method of c a l c u l a t i o n  i n  a 
f a s t  r e a c t o r  f u e l  s p e c i f i c a t i o n .  
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A wide v a r i e t y  of powder t reatments  (e.g., g r ind ing ,  screening,  

blending, ba l l -mi l l i ng ,  c a l c i n i n g ,  a d d i t i o n  of binders ,  preslugging,  granu- 

l a t i n g ,  oxidat ion-reduct ion cyc le s ,  a d d i t i o n  of l u b r i c a n t s ,  and a d d i t i o n  of 

pore-formers) may be used t o  improve t h e  ceramic p r o p e r t i e s  of U02 and 

(U-Pu)O2 powders. I f  t he  chemical composition s p e c i f i c a t i o n s  are met, 

almost any oxide powder can be processed i n t e n s i v e l y  t o  meet t h e  o t h e r  spe-  

c i f i c a t i o n s .  However, it is important t o  e l i m i n a t e  or  g r e a t l y  s impl i fy  

these  powder t r ea tmen t s  f o r  (U-Pu)O2 because of t h e  c o s t  and d i f f i c u l t y  of 

performing them remotely. 

2.1 S i n t e r a b i l i t y  T e s t  Procedure 

A s tandard s i n t e r a b i l i t y  test procedure was s e l e c t e d  t o  e v a l u a t e  t h e  

ceramic p r o p e r t i e s  of t h e  products.  The s o l i d s  were ground t o  the  e x t e n t  

necessary f o r  complete reduct ion of s i z e  t o  -20 mesh (less than 840-vm 

p a r t i c l e s ) .  Batches of t h e  -20-mesh s o l i d s  were ca l c ined  by hea t ing  t o  

600"C, holding a t  600°C f o r  fou r  hours i n  an Ar-4% H2 atmosphere, and then 

cool ing t o  room temperature i n  a C02 atmosphere. The c a l c i n e d  powder w a s  

pressed i n t o  p e l l e t s  (two or  t h r e e  per  t e s t )  a t  241 MPa (35 Kpsi) ,  s i n t e r e d  

a t  1450°C f o r  fou r  hours i n  Ar-4% H2 (A heatup schedule of 30O0C/h t o  9OO"C, 

then 100°C/h t o  1450°C w a s  used.), and cooled i n  A r .  The green d e n s i t i e s  of 

t he  p e l l e t s  were measured before  s i n t e r i n g .  S i n t e r e d  p e l l e t  d e n s i t i e s  were 

measured by geometry and by displacement;  t he  r e s u l t s  were converted t o  a 

percentage of t h e  t h e o r e t i c a l  d e n s i t y  of t h a t  oxide composition. Whole 

p e l l e t s  and c r o s s  s e c t i o n s  were examined with r e spec t  t o  t h e i r  s t r u c t u r e  

(macro and micro). Microphotographs a t  2OOX magn i f i ca t ion  were a s e n s i t i v e  

tes t  of s t r u c t u r e  and are used i n  t h i s  r e p o r t  t o  show examples of r e s u l t s .  

The cond i t ions  most commonly used f o r  f a b r i c a t i o n  of pel le ts  are s i m i -  

l a r  t o  t h e  o v e r a l l  procedures of t h i s  s i n t e r a b i l i t y  test ,  but t h e r e  may be 

important q u a n t i t a t i v e  d i f f e r e n c e s  f o r  i n d i v i d u a l  s t eps .  The s i n t e r a b i l i t y  

test procedures used elsewhere may show o the r  d i f f e r e n c e s .  Higher f i n a l  

s i n t e r i n g  temperatures of 1700°C are common and can r e s u l t  i n  higher  den- 

s i t ies ,  p a r t i c u l a r l y  f o r  Th02. Calcine temperatures may range from 500°C 

t o  800°C and may in f luence  t h e  r e s u l t s .  Lubricants  may be used on t h e  d i e  

o r  added t o  t h e  powder. 
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PROPERTIES VS CHEMICAL FLOWSHEET COND TIONS 

The prel iminary p a r t  of our development s tudy was concerned with 

improving ceramic p r o p e r t i e s  of UO2 by c o n t r o l l i n g  t h e  d e n i t r a t i o n  flow- 

shee t  cond i t ions ,  with the  expec ta t ion  t h a t  t h e s e  cond i t ions  could a l s o  be 

app l i ed  t o  coconversion of U-Pu. 

should be t h e  c o n t r o l l i n g  component. Limited r e s u l t s  f o r  plutonium ind i -  

cate b e t t e r  ceramic p r o p e r t i e s  f o r  t h e  Pu02 product from d e n i t r a t i o n  tha? 

from o x a l a t e  p r e c i p i t a t i ~ m . ~  

Since the  U/Pu r a t i o s  are - >3, the  U02 

Surface areas of 9.7 t o  12.1 m2/g and average 

p a r t i c l e  sizes of 7.6 t o  15.0 pm f o r  Pu02 prepared by d e n i t r a t i o n  are near 

t h e  p r e f e r r e d  values  and are much b e t t e r  than those of U02 prepared by 

simple d e n i t r a t i o n .  

Resu l t s  r epor t ed  f o r  U03 from d e n i t r a t i o n  i n  a f l u i d i z e d  bed6 are typ i -  

cal  f o r  simple d e n i t r a t i o n .  The B.E.T. su r f ace  areas and p a r t i c l e  s i z e s  

were 0.1 m2/g and 43 pm f o r  UO3 and 0.6 m2/g and 29 pm a f t e r  reduct ion t o  

U02. 

Resu l t s  f o r  a similar material prepared a t  OWL7 were 0.23 m2/g 

s i n t e r e d  U02 p e l l e t  densi ty .  

t o  2.75 m2/g and s i n t e r e d  p e l l e t  d e n s i t i e s  of 71 t o  84%, but he g ives  no 

d e s c r i p t i o n  of t h e  sample d i f f e rences .  

The s i n t e r e d  U02 p e l l e t  d e n s i t i e s  were 75% of t h e o r e t i c a l  densi ty .  

and 72% 
Chalder8 r e p o r t s  B.E.T. su r f ace  areas of 0.62 

Most evs lua t ions  of U03 from 

d e n i t r a t i o n  have been f o r  conversion t o  UF6. R e a c t i v i t i e s  have gene ra l ly  

been improved by a d d i t i o n  of calcium o r  s u l f a t e  t o  t h e  U02(NO3)2 feed. 

These a d d i t i v e s  are l e f t  as s o l i d s  a f t e r  formation of UF6 vapor, but they 

are not accep tab le  f o r  p repa ra t ion  of U02 p e l l e t s .  R e a c t i v i t i e s  f o r  con- 

ve r s ion  t o  UF6 show l i t t l e  dependence on t h e  type of d e n i t r a t i o n  equipment, 

t h e  flow rates of a i r  o r  steam purges, or  t h e  d e n i t r a t i o n  temperature. The 

l i m i t e d  d i scuss ions  of t he  e f f e c t s  of t h e s e  v a r i a b l e s  on o the r  p r o p e r t i e s  

r evea l  no promising e f f e c t s  on ceramic p r o p e r t i e s .  

The o b j e c t i v e  of our chemical f lowsheet s t u d i e s  w a s  t o  f i n d  a d d i t i v e s  

f o r  UO2(NO3)2-HNO3 s o l u t i o n s  t h a t  would produce f avorab le  changes i n  t h e  

U 0 3  o r  U02 products  and acceptable  compositions f o r  t h e  s i n t e r e d  p e l l e t s ;  

p re fe rab ly  such a d d i t i v e s  would remain i n  s o l u t i o n ,  but p r e c i p i t a t i o n  and 

feed of s l u r r i e s  t o  t h e  thermal decomposition might be acceptable.  One 

concept of t h i s  type has been developed and demonstrated as the  COPRECAL 

process f o r  coconversion, ls4 i n  which l a r g e  excess of NH3 is added t o  U-Pu 
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n i t r a t e  s o l u t i o n s  t o  give an ADU-type p r e c i p i t a t i o n ,  and t h e  s l u r r y  i s  

ca lc ined  i n  a f l u i d i z e d  bed. This process  has demonstrated t h e  p repa ra t ion  

of (U-Pu)O2 wi th  acceptab le  ceramic p rope r t i e s .  Disadvantages are the  

c o p r e c i p i t a t i o n  and pumping of a mixed s l u r r y  i n t o  a remotely operated 

f l u i d i z e d  bed and t h e  presence of NH3 and NH4NO3 i n  t h e  waste streams. 

, .  Ammonia, (NH4)2C204, NH4NO3, H2C2O4, N2H4C0, and H2C02 were t e s t e d  as 

, a d d i t i v e s  i n  a series of thermal decompositions conducted i n  small-scale 

l abora to ry  glassware; t he  purpose w a s  t o  d i scover  t h e i r  i n d i v i d u a l  e f f e c t s  

on p r o p e r t i e s  of t h e  product oxide. The presence of NH4NO3 produced l a r g e  

and favorable  changes, while urea  and formate gave l a rge ,  but less 

favorable  changes, and t h e i r  r eac t ions  r e s u l t e d  i n  excess ive  rates of reac- 

t i o n  and/or  foaming wi th  l i g h t ,  f l u f f y  so l id s .  The v i s u a l  d i f f e rences  with 

presence of NH4N03 i n  the  feed were a l s o  observed f o r  U02(N03)2-Th(N03)4 

s o l u t i o n s  (Fig. 1). 

. ,\ 

The favorable  e f f e c t  of NH4NO3 on the  U03 p r o p e r t i e s  w a s  observed both 

f o r  a d d i t i o n  of NH4NO3 and f o r  a d d i t i o n  of NH4OH t o  the  UO2(NO3)2 solu-  

t i ons .  The NH4OH add i t ions  f i r s t  n e u t r a l i z e  any excess HNO3 and give acid-  

d e f i c i e n t  UO2(NO3)2 so lu t ions ;  f u r t h e r  add i t ions  g ive  p a r t i a l  o r  complete 

p r e c i p i t a t i o n  of t h e  uranium. Some f luidized-bed U03 product w a s  d iges t ed  

i n  a l a r g e  excess  of molten NH4NO3 and then ca l c ined  at  a h igher  tempera- 

t u r e ;  th i s  a l s o  produced a favorable  but smaller change i n  p r o p e r t i e s  as 

compared t o  thermal d e n i t r a t i o n  of U02(N03)2-NHqN03 so lu t ions .  Based on 

these  pre l iminary  r e s u l t s ,  the thermal d e n i t r a t i o n  development s t u d i e s  were 

continued, with the  concent ra t ion  of NH4NO3 i n  t h e  metal n i t r a t e  feed solu-  

t i o n s  as a major process  var iab le .  

4. LABORATORY STUDIES OF U02(N03)2-NH/,N03 DECOMPOSITIONS 

While r o t a r y  k i l n s  have been rou t ine ly  used f o r  product ion p l an t  con- 

vers ions  of UO2(NO3)2 s o l u t i o n s  t o  U308, t he  proposed a d d i t i o n  of NH4N03 t o  

the  feeds  has not been reported.  Therefore ,  l abora tory-sca le  s t u d i e s  were 

made t o  i n v e s t i g a t e  t h e  e f f e c t s  of t he  NH4N03. 

e f f e c t  on ceramic p r o p e r t i e s  and i n v e s t i g a t i n g  the  hazards  from exothermic 

decomposition of NH4NO3 were i n i t i a l  p r i o r i t i e s .  

observa t ions  were made t o  provide information on the  process  mechanisms and 

Confirming a f avorab le  

Other measurements and 
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U/Th = 3.0, 
NH,+ = o ; 

ORNL-DWG 80-1067 

W 

U/Th f 3 . 0 ,  
N HA'/ ( U +Th 1 = 0.6 mole/mole ; 

1 

B.E.T SURFACE AREA= 17.5 m2/g; 

BULK DENSITY = 2.3 9/cm3. 
B.E.T. SURFACE AREA= 7.8 m2/g ; 
BULK DENSITY = 0.8 g/cm3. 

Fig. 1. Scanning electron micrograph showing e f f e c t s  of NH4NO3 on 
product oxide powders from batch thermal denitration of UOz(N03)2-Th(N03)4. 
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t h e  amounts and compositions of waste streams. Measurements were a l s o  made 

wi th  thorium and cerium n i t r a t e s ,  s i n c e  they are poss ib l e  "stand-ins" f o r  

plutonium. Four types of i n v e s t i g a t i o n s  were made and are discussed i n  

Sects .  4.1-4.4: 

1. Feed batches were placed i n  a thermal oven (usua l ly  overn ight )  and 
t h e  product s o l i d s  were examined and analyzed. 

2. The thermal d e n i t r a t i o n  behavior was observed a t  in te rmedia te  s tages .  

3. Thermal a n a l y s i s  procedures were appl ied.  

4. Batch material balance runs were made. 

4.1 Oxide P r o p e r t i e s  f o r  Batch Thermal Decompositions 

Product oxide p r o p e r t i e s  were observed o r  measured f o r  t he  s o l i d  pro- 

duc t s  from batch d e n i t r a t i o n s  i n  ovens (usua l ly  at 350°C). The s o l u t i o n s  

o r  s l u r r y  feeds  were prepared by mixing metal n i t r a t e  s o l u t i o n s  with s o l i d  

NH4NO3 and/or  aqueous NH4OH i n  l a b  glassware. The U03 product from a con- 

t inuous  f luidized-bed d e n i t r a t i o n  of UO2(NO3)2 s o l u t i o n  conta in ing  no NH4' 

i s  a l s o  l i s t e d  f o r  comparison (Table 2). The 100% of s to i ch iomet r i c  va lue  

N03-/metal r a t i o s  i n d i c a t e  s o l u t i o n s  of metal nitrates and NH4N03. Rat ios  

of 80% i n d i c a t e  ac id -de f i c i en t  s o l u t i o n s  without p r e c i p i t a t i o n .  Rat ios  of 

3 and 10% for thorium a lone  i n d i c a t e  two s t a b l e  Tho2 s o l s ,  as commonly used 

f o r  gel-sphere processes.  Other r a t i o s  of 0 and 60% show p r e c i p i t a t i o n  by 

a d d i t i o n  of 100 and 40% of t h e  s to i ch iomet r i c  amount of NH4OH followed by 

thermal decomposition of t h e  s l u r r y .  

A l l  f ou r  metal compositions used (U, U / C e  = 3, U/Th = 3, and Th) show 

two o r  t h r e e  favorable  effects  f o r  t h e  presence of NH4N03 i n  t h e  feed 

(Table 2). The B.E.T. su r f ace  areas change toward t h e  p re fe r r ed  range of 5 

t o  15 m2/g from low va lues  f o r  U o r  U / C e  o r  high values  f o r  Th or  U/Th. 

The p e l l e t  d e n s i t i e s  f o r  a s tandard  procedure (descr ibed i n  Sect. 2.1) are 

15 t o  21% higher  when NH4NO3 i s  p resen t ,  as compared t o  metal n i t r a t e  solu-  

t i o n s  without NH4+, and t h e  mic ros t ruc tu re  of t he  p e l l e t s  is much better 

(Fig. 2). The product s o l i d s  prepared with NH4NO3 i n  t h e  feed are e a s i l y  

converted t o  f i n e ,  g ranu la r  s o l i d s  by shaking or  s t i r r i n g  with a spa tu l a ,  

while ,  t h e  metal n i t r a t e  feeds  with no NH4' g ive  hard,  g lassy ,  o r  lava- l ike  

shards.  These d i f f e rences  are v i s i b l e  i n  micrographs of t he  s o l i d s  (Fig. 

1). Without NH4NO3 i n  t h e  feed,  t h e  hard,  g lassy ,  o r  s l ag - l ike  chunks from 
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Table 2. Batch d e n i t r a t i o n  product  p r o p e r t i e s  

B.E.T. 
O the r  N03-/metal s u r f  ace P e l l e t  Bulk 
metals ( X  of NH 4+/ m e  t a 1 area d e n s i t y  d e n s i t y  Appearance of 

(mole/mole U) s t o i c h i o m e t r i c ) a  (mole/mole) (m2/g) (% of t h e o r e t i c a l )  (g/cm3) s o l i d b  

0 100 
100 

80 
0 

0 3.02 
2 4.91 
0.6 
2 6.85 

76 
91  

1.48 Hard cake 
0.75 S o f t  , e a s i l y  powdered 
1.2 Medium hard cake 
0.9 S o f t ,  foamy 93 

0 F l u i d  bed d e n i t r a t i o n  0.23 72 4.2 Kounded, g l o s s y  

Ce = 0.33 100 
100 

0 

0.58 

1.90 
28.9 

0.9 
0.9 
1.7 

Glazed, l a v a - l i k e  
S o f t ,  f l a k y  
S o f t ,  e a s i l y  powdered 

17.5 
8.32 
7.8 

33.4 

Th = 0.33 100 
100 
80 

0 

0 
2 
0.6 
2 

68 
84 

2.3 
0.7 
0.8 
1.5 

Glazed s h a r d s  
S o f t ,  e a s i l y  powdered 
S o f t ,  foamy 
Powder and g l a s s y  c h i p s  

Th = 3.0 60 0.5 1.2 Medium ha rd  cake,  foamy 

100 
100 

3 
10 

53.9 
33.6 

1.9 
0.6 
2.7 
2.0 

Glassy s h a r d s  
Very f i n e  powder 
Very ha rd  s h a r d s  
F i n e  powder 

90 

72 7.1 

aThe NO3- p r e s e n t  a s  NH4NO-j is not  i nc luded  i n  t h i s  r a t i o .  
h i s u a l  o b s e r v a t i o n s  with low m a g n i f i c a t i o n  microscope and wi th  p r e s s u r e  by a s p a t u l a .  
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I 

batch d e n i t r a t i o n s  are as l a r g e  as 30,000 pm. 

e s s e n t i a l l y  a l l  t h e  oxide is i n  s m a l l  part icles,  which may form very s o f t ,  

e a s i l y  d i spe r sed  agglomerates. S imi l a r  photographs f o r  o t h e r  s t u d i e s  of 

ceramic p rope r t i e sg ,  lo show poor s i n t e r a b i l i t y  f o r  oxides with the  g l a s sy ,  

nongrainy t e x t u r e  and good s i n t e r a b i l i t y  f o r  t he  grainy t ex tu re .  

bulk d e n s i t i e s  are convenient f o r  p e l l e t  p repa ra t ion ,  and the  a d d i t i o n  of 

With NH4N03 i n  t h e  feed,  

1 ,  

Higher 

NH4N03 t o  t h e  feed is unfavcrable  i n  t h i s  respect .  

preslugging t reatment  may be required f o r  t he  powders of low bulk densi ty .  

A granu la t ion  or, 

Overal l ,  t he  r e s u l t s  of t h e  batch d e n i t r a t i o n  tests were very encour- 

aging. 

h igh ly  favorable .  More than 40 tests made with metal nitrate s o l u t i o n s  

con ta in ing  NH4NO3 d i d  not r e s u l t  i n  a s i n g l e  excessive rate of r e a c t i o n  o r  

foam-over. The s l u r r y  f eeds  showed some s p l a t t e r i n g  from the  mud-like 

c h a r a c t e r i s t i c s  as dryness was approached, but t h i s  apparent ly  was not 

caused by t h e  decomposition of NH4NO3. 

prepared by d e n i t r a t i o n  of metal n i t r a t e  s o l u t i o n s  containing NH4NO3 i n  t h e  

feed appeared more f avorab le  t o  continuous k i l n  ope ra t ion  than t h e  hard,  

caked s o l i d s  produced when NH4NO3 was not present .  

The changes i n  B.E.T. s u r f a c e  areas and p e l l e t  d e n s i t i e s  w e r e  

The s o f t ,  e a s i l y  powdered s o l i d s  

4.2 Visual Observations of Thermal Decomposition Behavior ' 

Thermal decomposition behavior of products w a s  observed f o r  changes i n  

v i s u a l  appearance and weight during e i t h e r  continuous s teady hea t ipg  on a 

ho t  p l a t e  o r  hea t ing  i n  an oven at constant  temperatures f o r  per iods of 2 

t o  70 h. So lu t ions  of metal n i t r a t e s  without a d d i t i o n  of NH4NO3 and ,wi th  a 

U/Th mole r a t i o  of 3 showed s o l i d i f i c a t i o n  a t  a lower temperature and lower 

degree of d e n i t r a t i o n  than s o l u t i o n s  with uranium alone. 

d i f f e r e n c e s  were seen, although observat ion w a s  l imited.  

No o the r  v i s u a l  

When UO2(NO3)2 s o l u t i o n  is  heated, e v o l u t i o n  of brown fumes begins from 

As d e n i t r a t i o n  is continued, a syrupy, clear melt b o i l i n g  a t  185 t o  195'C. 

t h e  m e l t  becomes th i ck ,  then a pasty mass and f i n a l l y  forms a g l a s sy  cake 

t h a t  cracks i n t o  pieces.  

s o l u t i o n ,  a yellow s l u r r y  forms a t  temperatures >155'C. 

r a t i o s  of 2.0, t h e  material formed a t  180'C is r e l a t i v e l y  dry, yellow 

c r y s t a l s .  This material shows l i t t l e  weight l o s s  a t  temperatures below 

When NH4N03 i s  a l s o  present  i n  the  UO2(NO3)2 

For NH4+/U mole 
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230°C and evolves white  fumes a t  255°C. A t  28OoC, t h e  f i r s t  evo lu t ion  of 

brown fumes occurs,  and the  decomposition t o  f i n e  U03 i s  complete a t  350°C. 
I f  t he  yellow c r y s t a l s  a t  180-200°C are formed i n t o  swirls, p i l e s ,  or  o t h e r  

shapes, t h e  u03 a f t e r  d e n i t r a t i o n  shows t h e s e  same shapes,  i n d i c a t i n g  a 

l ack  of mel t ing between 200 and 350°C. The weights a t  190 t o  230°C agree 

with (NH4)2U02(N03)4*xH20, where x is  0 t o  1. The weights at 270°C agree 

with NH4U02(N03)3. 

from t h a t  of e i t h e r  of t he  two s e p a r a t e  nitrates. 

NH4NO3 are both clear m e l t s  a t  180-200°C, t h e  mixture is a c r y s t a l l i n e  

yellow s o l i d .  

p o s i t i o n  a t  23OoC, but t h e  mixture is s t a b l e .  

The behavior of t h e  mixture is d i s t i n c t l y  d i f f e r e n t  

While UO2(NO3)2*xH20 and 

Both NH4N03 and UO2(NO3)2 show s i g n i f i c a n t  thermal decom- 

Seve ra l  tests were made i n  which uranium oxides (from f luidized-bed 

d e n i t r a t i o n )  were heated, with NH4NO3/U mole r a t i o s  between 2 and 5. 

175"C, t h e  mixture was a s l u r r y  of U03 i n  molten NH4N03; a t  23OoC, t h e  

material was a grainy yellow s o l i d  of f a i r l y  s t a b l e  weight. 

occurred a t  lower temperatures than those f o r  t h e  decomposition of 

NHqU02(N03)3, but t h e  f i n a l  UO3 p r o p e r t i e s  were similar and were q u i t e  d i f -  

f e r e n t  from t h e  o r i g i n a l  p r o p e r t i e s  of t h e  f luidized-bed UO3. The B.E.T. 

s u r f a c e  area inc reased  from 0.23 t o  2.43 m2/g. 

fumes were produced, even though t h e  s t a r t i n g  materials were ca l c ined  

UOg and s o l i d  NH4NO3. 

UO~(NHL+NO~)*XH~O where x is 1 to 3. The o v e r a l l  behavior is not as indica-  

t i v e  of a d e f i n i t e ,  s t a b l e  complex as i n  t h e  case of t he  NHqU02(N03)3 

complex. 

A t  

Decomposition 

Small amounts of brown 

The weights a t  230°C are equ iva len t  t o  

' T h e  evo lu t ion  of brown N2O4 fumes w a s  used t o  i n d i c a t e  nitrate decom- 

p o s i t i o n  products ,  and b o i l i n g  HC1 w a s  used t o  d e t e c t  NH4+ as white  NH4c1 
fumes. These observat ions were f o r  samples with 0 t o  109% n e u t r a l i z a t i o n  

of metal n i t r a t e  s o l u t i o n s  with NH40H. 

showed any ammonia fumes, and t h e s e  d i s s i p a t e d  e a r l y  i n  t h e  boildown. 

production of N204 fumes decreased as the  percentage of n e u t r a l i z a t i o n  

inc reased  and was only a trace f o r  t he  s t o i c h i o m e t r i c  amount of NH4OH. 

p a r t i a l  n e u t r a l i z a t i o n ,  t h e  material became a dry, yellow cake before  brown 

fumes were evolved. 

Only the  batch with 9% excess  NH40H 

The 

With 

For t h i s  method of observat ion,  t h e  decomposition of 

c 

i' 

c 

NH4N03 from the .mix tu res  d id  not g ive  d e t e c t a b l e  amounts of e i t h e r  NH3 o r  

*2O4 
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Some of the U03 powders from decomposition of U02(N03)2-NHqN03 have 

been observed to have a reversible change between 375°C in an oven and 

ambient air at room temperature. The dark orange powder at 375°C slowly 

changes to a light yellow color, with a 3 wt % gain, in room air. This 
added weight is probably water and would be equivalent to 0.5 mole H20 per 

mole of UO3. 

4.3 Thermal Analyses of Samples Containing NH4NO3 

Four samples were prepared by preliminary thermal treatment of solu- 

tions in an oven at 190°C for 70 h to remove most of the water, thus 

simplifying the thermal analyses. The starting solutions contained: I. 
UO2(NO3)2 only, 11. NH4N03 only, 111. U02(N03)2/NHqN03 = 1 mole/mole, and 

IV. U02(N03)2/NHqN03 = 0.5 mole/mole. 

After 70 h at 19O"C, the visual appearance and the estimated composi- 

tion of the samples, calculated from weights, were as follows: 

I. A very thick, soft mass; semi-liquid or semi-solid; estimated to be 
25% U03-75% U02(N03)2*xH20. 

11. A clear colorless melt; about 25 wt % of NH4NO3 lost -- probably by 
slow vaporization. 

111. A hard solid, estimated to be NH4U02(N03)3*H20. 

IV. Sand-like, yellow crystals estimated to be (NH4)2U02(N03)4*H20. 
D. A. Lee,ll of Oak Ridge National Laboratory (ORNL) performed and 

interpreted differential thermal analysis (DTA), thermal gravimetric analy- 
sis (TGA), and evolved-gas analysis (EGA) by mass spectrograph for these 
four denitration samples. 

Of the three samples containing uranium, sample I11 had the simplest 

thermal analyses curves. The TGA of sample 111 indicated practically no 

decomposition until -280-315OC when -37% of the sample weight was lost by 

nitrate decomposition. Other observations included a gradual loss  of -3% 

between 315°C and 525"C, and the 02 l o s s  from U03 at 575°C. The total loss  

L 
at 600°C was 41.7%, with 58.3% remaining, as compared to an estimate of 

60%. The DTA of sample 111 had a simple profile with one large endotherm 

at 280°C; the smaller ones were rather insignificant. The EGA mass 

spectrographic plots for 'sample 111 showed single large peaks at -280°C 

for mass numbers 14 (N' from NO3- or NH3), 18 (H20), 28 (Nz'), 30 (NO' from 

nitrate), and 44 (N20+). 



16 

The TGA of sample I showed a t o t a l  weight l o s s  of 24% a t  600°C; t h e  

remaining weight w a s  76%, as compared t o  t h e  77% estimate f o r  u308. The 

major l o s s  w a s  due t o  n i t r a t e  decomposition a t  315°C. 

a t  145°C and 190°C were probably caused by dehydrat ion of s m a l l  q u a n t i t i e s  

of U02(N03)2*2H20 t o  U02(N03)2*H20 a t  145°C and of U02(N03)2*H20 t o  

U02(N03)2 a t  190°C. The DTA thermogram f o r  sample I had a series of endo- 

therms, i n d i c a t i n g  t h e  release of decomposition products  a t  145, 195, 217, 

240, 275, 315 (shoulder ) ,  and 555°C. These r e s u l t s  correspond w e l l  wi th  

t h e  TGA da ta .  The EGA r e s u l t s  showed very l i t t l e  material of mass 14 

(N+ from N03- o r  NH3) and mass 28 (N2+), but mu l t ip l e  or  l a r g e  peaks f o r  

mass numbers 30 (NO+), 32 (02+), and 46 (N02+). 

S l i g h t  weight l o s s e s  

The TGA of sample I1 showed t h a t  t h e  main decomposition occurred a t  

-275°C. Sample I1 gave a poor DTA trace, but  t he  decomposition was 

complete a t  275°C. The EGA r e s u l t s  showed r e l a t i v e l y  l a r g e  peaks f o r  mass 

numbers 15 (NH+), 16 (NH2+>, 17 (NH3+), 18 (H20), and 28 (N2+>. 

Sample I V  had a weight l o s s  a t  -25OoC, but t he  l a r g e s t  l o s s  was at  

315"C, wi th  a t o t a l  l o s s  a t  600°C of -53% (47% remaining).  The DTA 

r e s u l t s  f o r  sample I V  i nd ica t ed  l a r g e  NH41103 c o n t r i b u t i o n s  (sharp endo- 

therms a t  55"C, 125"C, and 155°C). This  sugges ts  t h a t  one molecule of 

NH4N03 i n  sample  I V  w a s  not coordinated wi th  UOz2+. 

r e s u l t s  a l l  i n d i c a t e  t h a t  sample  I V  decomposed l i k e  a mixture of samples 

111 and 11. This  i s  p a r t i c u l a r l y  apparent  f o r  t h e  DTA r e s u l t s .  

The TGA, DTA and EGA 

The DTA and TGA r e s u l t s  repor ted  by Notz, f o r  (NHq)2U02(N03)4*2H20 

c r y s t a l l i z e d  from s o l u t i o n s ,  l2 ag ree  very w e l l  wi th  L e e ' s  r e s u l t s "  reviewed 

above. Lee a l s o  made thermal ana lyses  f o r  f o u r  samples having the 

composition: 

hydroxide s o l u t i o n s  were added t o  give NH4+/NO3' mole r a t i o s  of 0 

( s o l u t i o n ) ,  0.33 ( s o l u t i o n ) ,  0.66 ( s l u r r y ) ,  and 1.0 ( t h i c k  s l u r r y ) .  The 

r e s u l t s  are much more complex f o r  t hese  samples than f o r  samples I t o  I V .  

However, l a r g e  peaks l i k e  those  seen  f o r  sample 111 were c l e a r l y  v i s i b l e  

f o r  t h e  samples with NHq+/N03' mole r a t i o s  of 0.33 and 0.66 (where 

NH4U02(N03)3 would be expected) and were not apparent  f o r  samples con- 

t a i n i n g  no NH4OH o r  f o r  samples completely n e u t r a l i z e d  wi th  NH4OH. 

Overal l ,  t h e  thermal ana lyses  r e s u l t s  gave good evidence f o r  a 

NH4N03-U02(N03)2 complex t h a t  i s  thermally more s t a b l e  and decomposes d i f -  

f e r e n t l y  than e i t h e r  separate compound. 

U/Th = 3.0; U + Th = 1.3 - M; and NO3- = 4.2 - M. Ammonium 

, 
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4.4 Material Balance Tests 

, 

- _  

Batch thermal decompositions were c a r r i e d  out  i n  a closed system of 

l abora to ry  glassware (Fig. 3) t o  ob ta in  material balances. Feed s o l u t i o n s  

o r  s l u r r i e s  were heated t o  about 400°C i n  a b o i l i n g  f l a s k ,  and s o l i d ,  

l i q u i d  and gaseous products  were c o l l e c t e d  and analyzed. A series of 

r ecyc le  tes ts  used concentrated NH4NO3 s o l u t i o n s  f o r  feed makeup t h a t  were 

prepared by n e u t r a l i z a t i o n  of the  condensate with ammonia and subsequent 

evaporat ion.  Continuous feed t o  a hot  d e n i t r a t o r  and an a i r  purge would be 

expected t o  cause d i f f e r e n t  decomposition r e a c t i o n s  and products.  

Therefore ,  t hese  batch r e s u l t s  were not  intended t o  be r ep resen ta t ive  of 

continuous r o t a r y  k i l n  operat ion.  

Resul t s  of t h e  batch tests are reproducib le  and show cons i s t en t  pat-  

t e r n s  (Table 3). 

s o l i d  product,  wi th  n e g l i g i b l e  carryover  i n t o  the  condensate. Nitrogen 

material balances were 39 t o  112%. A l l  of the  NO3- i n  the  feed,  as metal 

n i t r a t e s  o r  HNO3, appeared i n  t h e  condensate as ac id  (HNO3,  HN02). 

gaseous products  showed nea r ly  one mole of N2 and N20 p e r  mole of NH4NO3 i n  

t h e  feed. 

t y p i c a l l y  20% 02 + A r ,  25% NzO, and 50% N2. 

condensate w a s  s m a l l  f o r  t h e  p re fe r r ed  NHq+/NO3 feed mole r a t i o s  of 0.5 or  

less. 

decomposed was about 1 . 1  (Table 3), but t h e  da t a  were s c a t t e r e d  badly. 

These ana lyses  agree  with o v e r a l l  r eac t ions  of:  

The uranium and thorium appeared as U 0 3  and Tho2 i n  t h e  

The 

Gas concent ra t ions  f o r  samples wi th  NH4NO3 i n  the  feed were 

Concentrat ion of NH4' i n  the  

Resu l t s  i nd ica t ed  t h a t  t he  mole r a t i o  of NH4' decomposed t o  NO3- 

U02(NO3)2*H20 + U 0 3  i- 2HNO3 

and 

The presence of Th(N03)4 i n  t h e  feed d id  not change any of t he  genera l ized  

results.  While NO w a s  not de tec ted  i n  t h e  gaseous products ,  i t  probably 

was formed and w a s  oxidized or  decomposed before  the  gases were analyzed. 

11NH4N03 -+ HNO3 + 21.5H20 ( 2 )  + 7N2 -I- 3.5N20 + 2.502. 

4.5 Discussion of t h e  E f f e c t s  of NH4N03 

Three of t hese  fou r  types of l abora to ry  s t u d i e s  (Sects.  4.1, 4.2, 4.3) 

independently provide t h e  same explana t ion  f o r  t h e  thermal decompositions. 

When UO2(N03)2 and NH4N03 are both present ,  t he  thermal decomposition 

appears  t o  be t h a t  of a s o l i d  complex, t h i s  is d i s t i n c t l y  d i f f e r e n t  from 

' I ,  "Ill/ 
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Table 3. Thermal deni t ra t ion material  balance resu l t s  

(NH4+ i n  feed)-(NHq+ in cond.) Total  
M a t e r i a l  Moles NH4N03 i n  feed .~ NH4+ i n  cond. N03-/(Th+U) 

NH4+/N03- equivalents T h / U  Run balances , % 
(mole/mole) equivalents (mole/mole) No. N2 U Moles N2+N20 i n  gas (mole/mole) NH4+ i n  feed 

~~ 

1.10 

0.48a 2. loa 

0.5 1.10 

2.20 

1.0 

2.20 

1.10 

2.20 

1.25 1.10 

0 

0.33 

0 

0 

0 

0.33 

0 

0.33 

0 

0 

1 94 103 

13 105 100 

12 96 102 

2 112 99 

6 99 99 

4b b b 

15 94 102 

3 * 110 99 

14 100 101 

7 89 101 

8 110 102 

0 

0 

1.02 

0.88 

1.06 

b 

1.07 

1.11 

1.23 

1.45 

0.92 

0/0.0521 

0/0.0620 

0.91 

1.04 

1.02 

b 

0.88 

1.28 

1.16 

1.18 

1.31 

\ 

0.016 

0.043 

b 

0.035 

0.096 

0.127 

0.128 

0,109 

aRecycle run by neutral izat ion of condensate and recycle. 
bGas leaked during run, causing both loss of gaseous products and in-leakage of air. 
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the separate decomposition of either of the two salts. For the other metal 
nitrates used, mixing with molten NH4NO3 seems to promote loss of the water 

of hydration, but there is less evidence for complex formation. The 

exothermic decomposition of the NH4N03 could partially supply the heat 
required for the endothermic decomposition of the metal nitrates. 

If the UO3 is formed from decomposition of a solid complex, 

NH4U02(N03)3, it probably has a structure retained from this complex. 

better known example of this effect is the thermal decomposition of 
Th(C204)~ solids to give Tho2 showing the oxalate structure. 

vations described in Sect. 4.2 clearly show decomposition of a solid, while 
both NH4NO3 and U02(N03)2*6H20 decompose as molten salts. 

ments made with these observations and thermogravimetric measurements 
reviewed in Sect. 4.3 show completely different behaviors for the separate 

components and the mixture. After most of these data were accumulated, 
they were confirmed and found to agree with unpublished crystallographic 
and pyrolysis data. l2 For these unpublished data, carefully controlled 

crystallization from solutions gave (NH4)2U02(N03)4*2H20 with a melting 

point of 48OC. Thermogravimetric analyses show easy loss of the hydrate 
water at temperatures below 100°C, loss of one NH4NO3 below 250°C, and 

decomposition of NH4U02(N03)3 to U03 at about 300OC. 

results in Sect. 4.4 clearly indicate the formation of a NHqUO2(N03)3 
complex, while any additional NH4N03 causes decomposition results similar 
to those for NH4NO3 alone. 

A 

The obser- 

Weight measure- 

The thermogravimetric 

The appearance and ceramic properties of Tho2 undergo important changes 
. .  when NH4NO3 is present, but information to explain these changes is not 

available. 
The change in heat of reaction when NH4NO3 is added can be illustrated 

by the following equations: 

U02(N03)2*6H20 + 6H2O + U03 + 2N02 + .502 
AH = 110 kcal/g mole U 

2NH4NO3 + UO2(NO3)2 + UO3 + 2NO2 + .502 + 4H20 + 2N20 
AH = 26 kcal/g mole U 

Many other decomposition products are possible and are shown by ther- 

mogravimetric results. These equations are listed to show the effects of 
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NH4N03 on the  heat  requirements and are not intended t o  i n d i c a t e  t h a t  they 

are t h e  only or p r i n c i p a l  reac t ions .  

I f  t h e  U03 i s  formed by the  decomposition of s o l i d  c r y s t a l s ,  t he  proper- 

ties of t h e  s o l i d s  depend on the  c r y s t a l l i z a t i o n  condi t ions.  Therefore ,  t he  

r o t a r y  k i l n  with l i q u i d  a t  t he  feed poin t  and a d i s t i n c t  region of c r y s t a l -  

l i z a t i o n  i s  l i k e l y  t o  give product p r o p e r t i e s  which would not be dup l i ca t ed  

i n  a f l u i d i z e d  bed o r  a g i t a t e d  trough where the  feed is sprayed onto U03 

s o l i d s .  

4.6 Decomposition i n  a Microwave Oven 

Decomposition tests were made by p lac ing  g l a s s  d i shes  conta in ing  sample  

s o l u t i o n s  of d i f f e r e n t  compositions i n  a 600-W Sharps Model R-6740 micro- 

wave oven. For some tests, the  d i shes  were covered and surrounded by a 

magnesium s i l i c a t e  f i b e r  i n su la t ion .  Microwave exposures >30 t o  60 minutes 

d i d  not  cause any a d d i t i o n a l  weight losses .  The NH4NO3 s o l u t i o n s  were 

almost completely v o l a t i l i z e d  or  decomposed (Table 4). Samples of the  

s o l i d  products were heated t o  350°C i n  a s tandard  thermal oven t o  determine 

any a d d i t i o n a l  weight l o s ses .  A l l  s o l i d s  showed brown fumes i n  the  thermal 

oven, i n d i c a t i n g  t h e  decomposition of metal n i t r a t e s  remaining a f t e r  t he  

microwave treatment.  

but l i t t l e  decomposition of NHqUO2(NO3)3, Th(N03)4, or Ce(N03)3 i n  the  

microwave oven (Table 4). The thermal oven a t  300°C gives  near ly  complete 

decomposition of a l l  t hese  n i t r a t e s .  Apparently,  microwaves can couple 

wi th  U( I V )  t o  give severe  loca l i zed  overheat ing of uranium oxides13 but 

such overheat ing w a s  not  observed f o r  t h e  tests with ni t ra te  feed so lu t ion .  

Use of microwaves severe ly  l i m i t s  t he  a l lowable cons t ruc t ion  materials. 

The combination of problems seemed t o  r equ i r e  d e t a i l e d  s t u d i e s  beyond the 

scope of our conversion program and no f u r t h e r  tests were made. 

The r e s u l t s  i n d i c a t e  -90% d e n i t r a t i o n  of UO2(NO3)2, 

5. ROTARY K I L N  TEST SYSTEM AND RESULTS 

Rotary k i l n s  ( i n  l a r g e  s i z e s  up t o  4-m-diam by 150 m long) are commonly 

used as process  equipment, while small s i z e s  are more d i f f i c u l t  t o  f a b r i c a t e  

and operate .  The Barlett-Snow design from the  C. E. Raymond Company is 

well known, with 16-cm-diam as the  smallest s tandard  s i ze .  For the  U-Pu co- 

d e n i t r a t i o n ,  t h i s  s i z e  is excess ive  f o r  convenient tes t  system c a p a c i t y  and 

perhaps f o r  c o n t r o l  of c r i t i c a l i t y .  



Table 4. Results for decomposition in a microwave oven 

Feed 
solution 

After microwave exposure to Thermal oven 
constant weight product 

The rma 1 Surf ace Sinterability of 
N03-/U NH4+/u oven l o s s  area test pellet 

(mole/mole) (mole /mole) (wt %) (m2/g> (% T.D.)~ 

0.26 

2.5 

0 

0.93 

12 

38 

3.8 

11.1 

71 

91 

UO2(NO3)2-1/3Th(NO3)4-NH4N03 

NH4N03 Only traces of solids 

35 

43 

13.1 

28.4 

a% T.D. = percentage of theoretical density. 



23 

b 

& 

An 8-cm I D  r o t a r y  

s t a i n l e s s  s teel  p ipe )  

t h i s  study. The pipe 

k i l n  ( b a s i c a l l y  a p i ece  of 3-in., sched. 10 I.P.S. 

was f a b r i c a t e d  and used f o r  t h e  development tests i n  

i s  mounted on s teel  wheels and r o t a t e s  w i th in  a tube 

furnace around t h e  c e n t e r  t h i r d  of t h e  90-cm length.  One, two, o r  t h r e e  

s t a i n l e s s  steel  rods r o l l  f r e e l y  i n s i d e  t h e  tube as "breaker bars" t o  crush 

lumps or  remove s o l i d s  from t h e  tube w a l l .  A number of d i f f e r e n t  feed 

nozzles ,  weirs, breaker  bars, r e t a i n e r s ,  and s c r a p e r s  were t e s t ed .  More 

d e t a i l e d  d e s c r i p t i o n s  are given i n  t h e  Appendix o r  wherever important t o  

t h e  d i scuss ion  of r e s u l t s .  The a s soc ia t ed  system and the  basic k i l n  design 

are shown by Figs. 4 and 5. The need f o r  seals was avoided by using a l a r g e  

flow of a i r  t o  a r a d i o a c t i v e  off-gas system and by i n s t a l l i n g  t h e  test k i l n  

i n s i d e  a l a r g e  fume hood. The tube angle  was va r i ed  by adjustment of shims 

under the  support  frame. The system 

g l a s s  pipe,  and p l a s t i c  tubing (Fig. 

ca t ion .  I 

Demonstration test runs f o r  f i v e  

a t  the  Nat ional  Lead Company of Ohio 
I 

was designed t o  use s tandard f i t t i n g s ,  

6 )  f o r  ease of observat ion and modifi- 

cond i t ions  i n  a 16-cm-diam r o t a r y  k i l n  

uranium feed  materials p l a n t  show good 

agreement with ORNL k i l n  test runs at similar condi t ions.  The analyses  of 

product oxides and t h e  s i n t e r a b i l i t y  test r e s u l t s  are a l s o  similar. The 

feed s o l u t i o n s  con ta in ing  NH4NO3 g i v e  b e t t e r  mechanical ope ra t ion  and lower 

concen t r a t ions  of i r o n  i n  the  product oxides ( l e s s  co r ros ion )  as compared 

t o  f eeds  without NH4NO3. 

A reduced-scale r o t a r y  c a l c i n e r  of about 2-cm-diam was t e s t e d  t o  pre- 

pare  (U,  Th)02 and has been i n s t a l l e d  i n  a glove-box t o  prepare small 

samples of (u-Pu)o~. 14 
. .  

5.1 Ceramic P r o p e r t i e s  of Rotary Kiln Products 

Concentration of NH4NO3 i n  t h e  feed s o l u t i o n  is the  c o n t r o l l i n g  vari- 

a b l e  f o r  t he  ceramic p r o p e r t i e s  of t he  U03 products.  

feed-solut ion NH4+/U mole r a t i o s  of 2.0 o r  2.1, t h e  B.E.T. su r f ace  areas 

were 8 t o  12 m2/g and t h e  s i n t e r a b i l i t y  test p e l l e t  d e n s i t i e s  were 91 t o  

93% of t h e o r e t i c a l  d e n s i t y  f o r  a wide range of temperatures (Table 5 ) .  

presence of 1.7 - M excess HNO3 o r  1.2 

change t h e s e  values.  

g/cm3. 

For U O 3  prepared with 

The 

a c i d  d e f i c i e n c y  i n  the  feed d id  not 

The bulk d e n s i t i e s  of t h e  powders were 0.7 t o  0.9 

Without NH4+ i n  t h e  feed, t h e  B.E.T. s u r f a c e  areas were 0.7 t o  1.6 
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Fig. 5. Rotary kiln cross-section. 
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Fig. 6. The 8-cm-diam rotary kiln system. 



Table 5. Rotary kiln run conditions and UO3 product properties 

Feed solutions: U02(N03)2, NH4N03, and NH4OH or HNO3 
Feed solution rate: 11 to 14 cm3/min 

a B.E.T. Pellet 
Feed concentrations Tube surface density, Bulk L.O.I. 

(mole/mole) (M) - (mole/mole) ' ("C) No. (m2/g) theoretical) (g/cm3) (wt %) 
NH4+/U U N03-/U temperature Run area (% of density (approximate) 

0 
0 
0 
0.8 
1.2 
1.3 
1.3 
1.6 
2.0 
2.1 
2.0 
2.0 
2.0 
2.1 
2.0 
2.0 
2.1 
2.1 
2.1 
2.0 
2.0 
2.0 
3.0 

1.7 
1.4 
1.4 
1.7 
1.7 
1.7 
1.7 
1.4 
1.7 
1.4 
1.7 
1.7 
1.7 
1.4 
1.7 
1.7 
1.4 
1.4 
1.4 
1.7 
1.7 
1.7 
1.7 

2.1 
2.0 
2.0 
2.0 
2.0 
2.1 
2.1 
0.8' 
1.65 
2.0 
2.0 
2.1 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.1 
3.0 
3.0 
2.0 

490 
500230 
570 
390210 
420+20b 
460-400 
440 
470 
490-200 
350 
380 
390 
450 
460 
490 
500 
530 
550 
570 ' 

620 
49 0 
560 
450 

42 
14 
7 

19 
18 
32 
39 
48 
26 
9c 
13 
37 
34 
9B 
17 
35 
12 
9A 

5 
41 
24 
25 
40 

1.6 
0.89 
0.68 
1.79 
3.91 
6.43 
8.2 
6.71 

11.3 
10.2 
5.0 
8.68 
8.01 

10.7 
8.6 

10.03 
9.2 

11.5 
10.6 
9.1 

11.8 
9.9 
8.0 

1.6 
69 2.5 

2.0 
78 1.1 
92 0.8 
89 1.0 
92 0.6 
85 1.2 
91 0.8 
92 0.8 
90 0.9 

0.8 
92 0.9 
92 0.8 

0.9 
92 0.8 

92,93,92,92 0.8 
93 0.8 

0.9 
93 0.8 
92 0.6 

0.7 
91 0.7 

2.6 

8 
10 
13 

7 

7 
16 

2 
5 
4 

a 

CSlurry feed with partial precipitation as U03. 

L.O.I .  - loss on ignition. 
, bTemperature cycle used to promote discharge of solids. 

4 
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m2/g and t h e  p e l l e t  d e n s i t i e s  were <70% of t h e o r e t i c a l  values.  The bulk 

For in t e rmed ia t e  

NH4+/U mole r a t i o s  of 0.8 t o  1.3, t he  ceramic p r o p e r t i e s  of t h e  U 0 3  were 

in t e rmed ia t e  and va r i ab le .  The k i l n  temperature g r e a t l y  a f f e c t s  t he  

NO3- content  and t h e  l o s s  on i g n i t i o n  (LOI) t o  900°C f o r  t h e  s o l i d  pro- 

ducts ,  but does not  appear t o  a f f e c t  t h e  ceramic p r o p e r t i e s  a f t e r  ca l c ina -  

t i o n  and r educ t ion  t o  U 0 2  a t  600°C. 

d e n s i t i e s  of t h e s e  U 0 3  products were 1.6 t o  2.5 g/cm 3 . 

The e f f e c t s  of process  v a r i a b l e s  can be i l l u s t r a t e d  by d i f f e r e n t  types 

of photographs of t h e  s i n t e r a b i l i t y  test p e l l e t s .  The improvement i n  cera- 

m i c  p r o p e r t i e s  r e s u l t i n g  from t h e  a d d i t i o n  of N H 4 N O 3  is most c l e a r l y  shown 

by simple c r o s s  s e c t i o n s  a t  200-fold magn i f i ca t ion  (Fig. 7). The changes 

are a l s o  shown by photographs of t h e  whole p e l l e t s  (Fig. 8). The k i l n  t e m -  

p e r a t u r e  has no s i g n i f i c a n t  e f f e c t s  on t h e  mic ros t ruc tu re  or  on p e l l e t  

d e n s i t y  a t  t h e s e  s i n t e r a b i l i t y  test condi t ions.  Figure 9 shows t h e  etched 

c r o s s  s e c t i o n s  of p e l l e t s  f o r  t h r e e  d e n i t r a t i o n  temperatures ,  and Fig. 10 

shows t h e  t h r e e  d i f f e r e n t  types of microphotographs f o r  a h ighe r  d e n i t r a -  

t i o n  temperature. 

good f o r  a wide range of NO3-/U mole r a t i o s  f o r  excess H N O 3 ,  f o r  acid-  

d e f i c i e n t  U O 2 ( N O 3 ) 2 ,  and f o r  a s l u r r y  feed from a d d i t i o n  of NH4OH t o  g ive  

p r e c i p i t a t e d  uranium oxides and N H 4 N 0 3  (Fig.  11). While t h e  microstruc- 

t u r e s  were good, a l l  of t h e s e  cond i t ions  gave o t h e r ,  undes i r ab le ,  r e s u l t s .  

The p e l l e t  d e n s i t y  w a s  d i s t i n c t l y  lower f o r  t he  s l u r r y  feed;  t h e  acid-  

d e f i c i e n t  f eed  and t h e  s l u r r y  f eed  both deposi ted s o l i d s  i n  t h e  scrubber  

and formed ha rde r  d e p o s i t s  i n  t h e  k i l n .  The feed con ta in ing  excess 
H N O 3  r e s u l t e d  i n  a h ighe r  i r o n  content  ( c o r r o s i o n )  f o r  t h e  U O 3  product.  

I f  t h e  NH4+/U - > 1.6 mole/mole, t h e  m i c r o s t r u c t u r e s  were 

These r e s u l t s  are i n  good agreement with those for ceramic p r o p e r t i e s  

from batch d e n i t r a t i o n s  i n  l a b o r a t o r y  glassware. For s o l u t i o n s  without 

NHq+, t h e  B.E.T. s u r f a c e  areas of U 0 3  prepared by continuous d e n i t r a t i o n  

i n  t h e  r o t a r y  k i l n  are d i s t i n c t l y  lower than those of U 0 3  prepared i n  t h e  
2 l a b  glassware tests; even lower s u r f a c e  areas of 0.1 o r  0.2 m /g r e s u l t  

from continuous d e n i t r a t i o n  i n  f l u i d i z e d  beds. The d e p o s i t i o n  of molten 

sa l t  on d e n i t r a t e d  s o l i d s  may cause t h i s  t o  occur. The r o t a r y  k i l n  pro- 

bably has an in t e rmed ia t e  amount of t h i s  l a y e r i n g  o r  coa t ing  e f f e c t  as com- 

pared t o  batch and fluidized-bed d e n i t r a t i o n s .  The d i f f e r e n c e  i n  basic 

particles is shown by SEM micrographs of t h r e e  ro t a ry -k i ln  products (Fig. 

12). With N H 4 N 0 3  i n  t h e  feed,  a l l  t h e  product oxides are small p a r t i c l e s ;  



N 

EST: ROT-12 
IH; /U = 2.1 MOLE/MOLE 

TI 
I\ 
KILN TEMPERATURE = 5N"C 
B.E.T. SURFACE AREA= 9.24 m2/g 

POWDER BULK DENSITY= 0.79 g/cm 

U02 PELLET DENSITY = 92% OF THEORETICAL 

2 

TEST: ROT-14 

KILN TEMPERATURE = 500°C 
B.E.T. SURFACE AREA = 0.89 m2/g 

U 0 2  PELLET DENSITY = 6Wo OF THEORETICAL 

N H ~ U  = o MOLE/MOLE 

POWDER BULK DENSITY = 2.5 g/cm 3 

Fig. 7. Effects of NH4NO3 in UO2(NO3)2 on pellet microstructure (polished 
cross sections) for continuous rotary k i ln  denitration. 



78,2% T. D, 
ROT-19 

NH4+/U=OI 8 MOLE/MOLE 

SURFACE AREA:  1,79 M2/g 

88.5% T.  D. 
ROT-32 

NH4+/U=l, 3 MOLE/MOLE 

SURFACE AREA: 6,43 M2/g 

Fig. 8. Photographs of U02 pel lets  (polished cross 
NHq+/U rat ios  i n  feed. 

Y - 17691 9 

w 
0 

91,6% T,  D, 
ROT-12 

NH4+/U=2. 1 MOLE/MOLE 

SURFACE AREA: 9.24 ~ 2 / g  

sect ions)  for three 
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(NH4+/U = 1.6 - 2.0 mole/mole in feed) 

w w 

ADU SLURRY FEED 

S l  

A c  ID-DEF I c I ENT U 0 2  (NO3) 
ROT-35 

SURF/ 5 

97.41 T. D. 

Eras tructure iolished cross  s e c t i  
several acia-aericiencies of feed. 

UO:, (NO,) ,-HN03 

I 

1-8 M2/g 



UO3 ( R O T - 3 4 )  
N H4+/U = 2.0 moI/mol 
in feed Solution 

B. E.T. Surface Area = 8.01 t2 

' P m  
SCALE 

UO3 (ROT-42)  
N H $ = O  in feed Solution 

B. E.T. 

ORNL-DWG 81-11 

I 

w 
fc 

( UTh )Ox ( ROT 0 36) 
N H 4  +/ ( U + T h 1 = 2 .O mol /mol 
in feed Solution 

Surface Area = 1.6 E* B.E.T. Surface Area f13.68 v2 B 

Fig. 12. Scanning electron microscope micrographs of d i spersed  oxide 
par t i c l e s  i n  rotary k i l n  products. 
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without NH4N03, t he  fused or  s l ag - l ike  p a r t i c l e s  are gene ra l ly  much l a r g e r  

(up t o  10,000 pm). Figure 12 shows only the  smallest par t ic les  f o r  run 42. 

Since the  f luidized-bed and ag i ta ted- t rough d e n i t r a t o r s  opera te  with l i q u i d  

feed sprayed onto hot  U03 p a r t i c l e s ,  they might not achieve the  f u l l  

favorable  e f f e c t s  of NH4NO3 i n  t h e  feed. 

During s t u d i e s  of t he  so l ids -d ischarge  behavior (Sect. 5.2), tests were 

made with slow accumulation of material i n  t h e  r o t a r y  k i l n  tube and wi th  

erratic f l u c t u a t i o n s  of d i scharge  rate. Slow accumulations i n  the  tube 

(i.e.,  d i scharge  rates lower than t h e  feed rates) had l i t t l e  e f f e c t  on cera- 

m i c  p r o p e r t i e s ,  but  l a r g e  f l u c t u a t i o n s  of d i scharge  rate produced poor pro- 

perties. 

Oxide products o the r  than U03 were prepared and analyzed with feed 

s o l u t i o n s  conta in ing  NH4N03. Chemical and c o l l o i d a l  behavior of Th(N03)4 

is  similar t o  t h a t  of Pu(N03)4, so thorium w a s  used as a s u b s t i t u t e  f o r  

plutonium i n  U-Pu mixtures.  

s imula t ion  of t h e  Pu-n i t ra te  thermal d e c o m p ~ s i t i o n l ~ ,  and one r o t a r y  k i l n  

tes t  w a s  made with a mole r a t i o  of U / C e  = 3.0. Thorium oxide is an impor- 

t a n t  nuc lear  f u e l  material, and t h e  r e s u l t s  f o r  some thermal d e n i t r a t i o n s  

of Th(N03)4-NH4N03 are included. A l l  t h e  mixed-oxide products from metal 

nitrate-NHqN03 feed  s o l u t i o n s  gave good s i n t e r a b i l i t y  tes t  r e s u l t s  and B.E.T. 

su r f ace  areas near  or  i n  t h e  p re fe r r ed  range of 5 t o  15 m2/g (Table 6);  t h e  

micros t ruc tures  are a l s o  good (Fig. 13). 

B.E.T. su r f ace  area, but  good s i n t e r a b i l i t y .  These r e s u l t s  are b e t t e r  than 

those f o r  Tho2 prepared e i t h e r  by p r e c i p i t a t i o n  with ammonia or  by s impler  

thermal d e n i t r a t i o n  of a Th(N02)4 s o l u t i o n  conta in ing  no M4N03. Thermal 

decompositions of s l u r r y  feeds  prepared by a d d i t i o n  of NH4OH t o  t h e  metal 

n i t r a t e  s o l u t i o n s  gave poorer r e s u l t s .  

It is  claimed t h a t  Ce(N0313 provides  a b e t t e r  

The Tho2 product had a h igher  

Par t ic le  s i z e  ana lyses  by a Micromeri t ics  Sedigraph determined t h a t  

a l l  uranium oxides  and mixed oxides  from d e n i t r a t i o n  i n  t h e  r o t a r y  k i l n  

with feed s o l u t i o n s  having mole r a t i o s  NH4N03/metal = 2 have good par t ic le  

s i z e  d i s t r i b u t i o n s .  For these  products ,  >99 w t  % of par t ic les  are smaller 

than 12 pm, with average diameters (weight b a s i s )  of 2.5 t o  3.6 pm (Table 

7) .  
l i t t l e  e f f e c t  on t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  For UO2(NO3)2 feed  solu- 

t i o n  without NH4NO3, a l a r g e  f r a c t i o n  of t h e  material i s  not d i spe r sab le  t o  

<60 pm and the  <60 pm f r a c t i o n  has average diameters of 5 t o  7 pm. 

Calc ina t ion  i n  Ar-Hz a t  6OOOC t o  reduce t h e  uranium oxides t o  U02 has 



Table 6. Rotary kiln mixed oxide properties for feed solutions containing NH4N03 

Feed solution rate: 11 to 14 cm3/min 

B.E.T. Pellet Powder 
Nominal Tube surface density, bulk 
feed U/Th or U/Ce NHq+/metal temperature Run area ( X  of density 

composition (mole/mole) (mole/mole) ("C) No. (m2/g) theoretical) (g/cm3) 

2.0 
2.0 
2.0 

450 
500 
620 

34 
35 
41 

8.0 
10.0 
9.1 

92 
92 
93 

0.85 
0.63 
0.64 0 

w 

U03-Th02 3.0 
3.0 

2.0 
2.0 

430 
500 

36 
44 

13.7 
15.6 

90.5 
91.5 

0.71 
0.5 

U03-Th02 (slurry feed) 3.0 
U03-Th02 (slurry feed) 3.0 

3.5 
3.0 

440 
460 

47 
46 

12.3 
17.0 

80 
81 

1.1 
2.1 

U03-Ce02 3.0 2.0 460 43 6.0 85 0.65 

Tho2 0 
0 
0 

5.0 
2.0 
5.0 

a 
540 
550 

DEN-62 
52 
51 

33.6 
23.6 
25.8 

90 
83 
85 

0.6 
0.70 
0.75 

aBatch denitration with oven at about 350'C. 



Table 7. Particle size distributions for rotary kiln products 

Size analyses: By Micromeritics SediGraph 5000/GB 
Dispersion: 5 minutes in ultrasonic bath with Daxad-23 surfactant 

Composition (U,Ce)02 (U,Th>O2 
NH4N03/(U + Th + Ce) 
in feed, mole/mole 2.0 2.0 
Sample treatment Calcined Calcined 

Assumed density, g/cm 3 10.3 10.8 
Kiln temperature, OC 46 0 500 

44 
b 

Batch No. 43 
Particle size distributions, wt % 

98 
90 
80 
70 
60 
50 
40 

9.0 11 .o 
6.5 7.9 
5.4 6.3 
4.7 5.1 
3.9 4.4 
3.0 3.2 
2.0 2.0 

uo2 uo2 "02 

2.0 2.0 2.0 
Calcined Calcined Calcined 

10.96 10.96 10.96 
460 620 450 
NLO-A2 41 34 
Particle sizes, v m  

8.5 11.0 11.0 
6.0 7.9 7.4 
4.9 6.4 5.8 
4.2 5.3 4.8 
3.3 4.6 3.8 
2.5 3.6 2.6 
1.9 2.4 1.7 

uo3 

2.0 
Ki In 
product 
7.3 
450 
34 

7.0 
4.8 
3.8 
3.3 
2.8 
2.5 
2 .1  

uo3 

0 
Kiln 
product 
7.3 
605 
NLO-B2 

w 
v 

4 2" 
27" 
19" 
1 4" 
1 0" 
7 
5" 

"Large fraction of this product without NH4N03 in feed is not dispersable and is not 

bWt % of particles that are smaller than particle sizes listed in right-hand columns. 
included in size analyses result. 
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ROT-44 
( U J TH 02, U/TH=3 

SURFACE AREA: 11.4 M2/g 

91.5% T, D, 

ROT-43 
( u J CE) 02 J U/CE=3 

SURFACE AREA: 6.0 M2/g 
83.2 T, D, 

ROT-51 
THO2 

S U R F A C E  A R E A :  25.8 M2/g 

85,% T, D, 

Fig. 13. Pellet microstructures (polished cross-sections) for three 
compositions, NH4NO3 in feed solutions. 
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Oxide products from both the  r o t a r y  k i l n  and batch tests were examined 

by x-ray d i f f r a c t i o n .  The U03 products from d e n i t r a t i o n  with NH4NO3 i n  t h e  

feed were more c r y s t a l l i n e  than those without NH4NO3 o r  those from ammonium 

d i u r a n a t e  (ADU) p r e c i p i t a t i o n ,  but t h e  r e s u l t s  d i d  not show any unique or  

reproducible  form of UO3. 

f i c u l t  t o  study t 5 7  x-ray d i f f r a c t i o n .  

The UO3-H2O-NH3 system is q u i t e  complex and d i f -  

P a c i f i c  Northwest Laborator ies  conducted p e l l e t  f a b r i c a t i o n  s t u d i e s  

wi th  U 0 3  from t h e  ORNL k i l n  and the  f i r s t  r e s u l t s  show very good agreement 

with t h e  ORNL s i n t e r a b i l i t y  test r e s u l t s .  A l l  samples with the  modified 

chemical f lowsheet (NH4NO3 i n  t h e  feed s o l u t i o n )  gave p e l l e t s  with 90 t o  

98% of t h e o r e t i c a l  d e n s i t y  and good microstructure .  Samples without 

NH4NO3 i n  t h e  feed s o l u t i o n  gave 75 t o  82% of t h e o r e t i c a l  densi ty .  

t es t  k i l n  products con ta in ing  thorium o r  cerium ( p o s s i b l e  stand-ins f o r  

plutonium) gave 91 t o  97% of t h e o r e t i c a l  densi ty .  Higher s i n t e r i n g  tem- 

p e r a t u r e s  of 170OOC r e s u l t  i n  higher  d e n s i t i e s  than f o r  t he  ORNL s i n t e r -  

a b i l i t y  tests. 

cal  flowsheet were s e n t  t o  Hanford Engineering Development Laboratory 

(HEDL) f o r  p i l o t  p l a n t  eva lua t ion  of p e l l e t  f a b r i c a t i o n .  

Four 

Two l a r g e r  batches of U03 product using t h e  modified chemi- 

5.2 Demonstration Tests i n  a 16-cm-diam Rotary Kiln 

Four U.S. Department of Energy (DOE) p l a n t  sites have used Bartlett- 

Snow 6.5-in. (16-cm) diameter r o t a r y  c a l c i n e r s  f o r  conversion of UO2(NO3)2 

s o l u t i o n s  t o  U308. The s i z e ,  capaci ty ,  and easy change-over between 

batches are p a r t i c u l a r l y  s u i t e d  t o  scrap recovery f o r  low enrichments of 

uranium. 

gaseous d i f f u s i o n  cascades. 

published, and t h r e e  of t h e  p l an t  sites were v i s i t e d  t o  d i scuss  the  equip- 

ment and procedures with ope ra t ing  personnel (see Appendix). 

The U308 has  good p r o p e r t i e s  f o r  conversion t o  UF6 f o r  r e t u r n  t o  

Information on t h e s e  r o t a r y  k i l n s  has not been 

The r o t a r y  k i l n s  a t  t h e  t h r e e  sites v i s i t e d  have demonstrated good 

long-term d u r a b i l i t y  and reasonable maintenance, but each s i te  has deve- 

loped d i f f e r e n t  ope ra t ing  procedures, p r i m a r i l y  t o  c o n t r o l  d i f f i c u l t i e s  

from a caking o r  "dough" s t a g e  of t h e  d e n i t r a t i o n  process. 

are operated a t  900°C i n  the  tube t o  prepare U308. 

of t h e  sites, t h e  ope ra to r s  believed the  900°C temperatures were necessary 

and did not be l i eve  t h e i r  systems would s a t i s f a c t o r i l y  prepare U O 3  a t  450 

t o  600°C. 

A l l  t hese  u n i t s  

For procedures a t  two 
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A t  the  t h i r d  s i t e ,  t he  equipment had been modified t o  use a p o s i t i v e  

mechanical s c rape r  i n s i d e  the  tube,  and the  chemical f lowsheet  w a s  changed 

by using NH3 t o  n e u t r a l i z e  excess HNO3 i n  t h e  feed so lu t ion ,16  p r imar i ly  t o  

reduce cor ros ion  and thus meet product s p e c i f i c a t i o n s  f o r  C r  i n  t h e  U 3 O 8 .  

Lower dens i ty  and s o f t e r  lumps f o r  t he  u308 product were not iced ,  but o the r  

changes i n  product p r o p e r t i e s  were not measured. This system appeared much 

more promising f o r  u03 p repa ra t ion  than d id  t h e  o the r  two systems. Since 

a d d i t i o n  of NH3 w a s  a rou t ine  p a r t  of t h i s  procedure,  ope ra t ion  with a 

con t ro l l ed  concent ra t ion  of NH4N03 d i d  not r equ i r e  any changes i n  equipment 

o r  procedures. Demonstration runs were requested by purchase order  and 

were made with UO2(NO3)2 s o l u t i o n  a t  t h r e e  temperatures  and wi th  

U02(N03)2-NHqN03 s o l u t i o n  a t  two temperatures.  

The demonstration tests by NLO (Nat ional  Lead of Ohio) used a 

UO2(NO3)2-HNO3 s o l u t i o n  of enr iched uzanium (3.5% 235U). Addi t iona l  a c i d  

was added and t h e  HNO3 was then n e u t r a l i z e d  with NH3 t o  a c a l c u l a t e d  mole 

r a t i o  of NH4+/U = 2.0. Chemical a n a l y s i s  a f t e r  n e u t r a l i z a t i o n  shows 0.58 

M U, 1.25 M NH4+, and a pH of 2.5. 

exce l l en t  mechanical opera t ion  f o r  tests at  605 f 10°C and 460 f 10°C 

i n s i d e  t h e  k i ln .  The feed without NH3 n e u t r a l i z a t i o n  (0.61 M U, 1.10 M 

HNO3) was d e n i t r a t e d  t o  U308 o r  UO3 wi th  only minor mechanical d i f f i c u l t i e s  

f o r  tests a t  750 k 10°C, 605 k 10°C, and 445 k 2OoC. The sound of t h e  

mechanical s c rape r  and d r i v e  ind ica t ed  a much heavier  loading  o r  r e s i s t a n c e  

without NH4N03. 

ORNL f o r  a n a l y s i s  and comparison with the  small test k i l n  r e s u l t s .  The run 

condi t ions  and ana lyses  f o r  t h e  product oxides are presented i n  Tables 8 

and 9. The s i n t e r a b i l i t y  test p e l l e t s  show 93.0% of t h e o r e t i c a l  dens i ty  

f o r  t he  NH4+/U r a t i o  of 2.0 mole/mole and 67.0 t o  68.5% of t h e o r e t i c a l  den- 

s i t y  f o r  NH4+/U = 0. The mic ros t ruc tu res  of t he  s i n t e r a b i l i t y  tes t  p e l l e t s  

are good f o r  a mole r a t i o  NH4+/U = 2.0 i n  the  feed s o l u t i o n  and poor f o r  

s o l u t i o n s  with no NH4+ (Fig.  

NH4+ i n  t h e  feed,  t he  su r face  areas are h igher  and the  mic ros t ruc tu res  

b e t t e r  than f o r  U03 prepared by d e n i t r a t i o n  i n  a f l u i d i z e d  bed (Fig. 14). 

This  feed w a s  d e n i t r a t e d  t o  U03 wi th  - - 

- - 

Samples of s o l u t i o n s  and product oxides  w e r e  shipped t o  

14). For the  products prepared without  

The throughput f o r  t h e  ORNL demonstration runs w a s  3.0 kg/h of uranium 

For a mole r a t i o  of NH4+/U = 2.0 t h e  r o t a r y  k i l n  oxides  o r  2.5 kg/h of U. 

capac i ty  is - 5 kg/h of U o r  6 kg/h of uranium oxides. A t  NLO, 70 t o  90% 

- .  



c 
c t f  . '  

Table 8. Solution analyses and run conditions f o r  rotary k i ln  
demonstration tests by National Lead of Ohio 

Kiln: 16-cm-ID, 65-cm furnace length 
Product rate:  3.0 kg/h of uranium oxides 

Tube Feed solut ion composition Scrubber ex i t  composition 
T e s t  temperature NH4f/U N03-/Ua Fe  NHL,+/U NO 3-1 Ua Fe 

No. ("C) (mole ra t io)  (mole ra t io)  (ppm U) (mole r a t i o )  (mole ra t io)  (ppm U) 

A- 1 605 
A-2 460 
B- 1 7 50 
B-2 60 5 
B- 3 445 

2.0 2.0 130 2.0 1.6 100 
2.1 1.9 150 2.2 2.0 120 
0 3.9 I 90 0 5.2 4600 
0 4.0 80 0 8.6 2203 
0 3.9 0 8.7 1500 - 

QNO3- present as NH4NO3 not included; <2 indicates acid deficient;  >2 indicates excess HNO3. 

Table 9. Oxide product properties for  rotary k i ln  
demonstration tests by National Lead of Ohio 

T e s t  p e l l e t  B.E.T. Loss on Bulk 

No. ( X  of T . D . ) ~  ( m 2 / g >  (wt X )  (ppm U) (wt X )  (wt X )  (g/cm 
T e s t  s in te rab i l i ty  surface area igni t ion Fe N H ~ +  ~ 0 3 -  

A- 1 93.0 
A-2 93.5 
B- 1 67.0 
B- 2 68.5 
B-3 68.0 

7.23 1.20 700 0.03 0.21 0.82 
6.30 5.96 700 0.05 3.20 0.70 
0.92 0.42 ' 3500 0.03 0.26 1.79 
1.46 3.48 2000 0.04 2.80 1.78 
0.70 2.57 4600 . 0.05 0.58 1.93 
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of the  water is removed i n  t h e  evaporator ,  and t h e  feed rate is l i m i t e d  by 

t h e  evaporator  capaci ty .  

concen t r a t ion  i f  t h e  excess HNO3 i s  n e u t r a l i z e d  with NH3. 

recycled i n  t h e  scrubber  and t h e  U concen t r a t ion  must be l i m i t e d  t o  avoid 

formation of s o l i d s  i n  t h e  scrubber.  

t h a t  do not r ecyc le  i n  t h e  scrubber ,  thus allowing higher  uranium con- 

c e n t r a t i o n s  without s o l i d s  formation. The h ighes t  s o l u t i o n  flow rate i n t o  

t h e  k i l n  ( c a l c u l a t e d  from uranium concen t r a t ions )  was 120 cm3/min. 

recommended maximum design capac i ty  f o r  o t h e r  s i z e s  of k i l n s  is 0.03 

cm3/min of s o l u t i o n  pe r  cm2 of heated tube w a l l .  

going i n t o  a scrubber  should be - 6 N UO2(NO3)2 + HNO3,or 3 M U i f  no 

excess  HNO3 i s  present .  From these  criteria, a capac i ty  of 100 kg/d of 

U + Pu would be p r a c t i c a l  i n  a r o t a r y  k i l n  of 10-cm-ID and 130-cm heated 

length.  

The feed can be evaporated t o  a higher  uranium 

The a c i d  is 

The NH4NO3 is  decomposed t o  products 

A 

The maximum concen t r a t ion  

- - 

The NLO Bartlett-Snow r o t a r y  c a l c i n e r  has a 90-cm furnace l eng th  and a 

16-cm-ID tube, providing - 4500 cm2 of heated su r face .  

l eng th ,  i nc lud ing  t h e  s t a t i o n a r y  end-sections, i s  - 3.3 m. The a l l o y  tubes 

are cast i n  s e c t i o n s  and assembled t o  give k i l n s  of d i f f e r e n t  length.  

The NLO and ORNL r o t a r y  k i l n s  use similar thermocouple l o c a t i o n s :  

The t o t a l  chamber 

1. The tube temperature i s  measured by a thermocouple on t h e  c e n t e r l i n e ,  

with t h e  end l o c a t e d  one-third i n t o  t h e  heated l eng th  from t h e  powder 

discharge end. 

The furnace temperature is measured by thermocouples loca t ed  i n  t h e  a i r  

space between t h e  h e a t e r  elements and t h e  r o t a t i n g  tube. This furnace 

temperature is 80 t o  15OOC h ighe r  than t h e  tube temperature f o r  normal 

ope ra t ion ,  but t h e  d i f f e r e n c e  can be much l a r g e r  i f  s o l i d s  accumulate 

on t h e  w a l l .  

2. 

The NLO temperature recorder  c h a r t s  show cyc le s  of 10 t o  * 2OoC f o r  t h e  

tube temperatures and 2 5OoC f o r  t h e  furnace temperatures. 

A d i l u t e  UO2(NO3)2 s o l u t i o n  con ta in ing  excess HNO3 i s  the  most common 

Excess HNO3 is  n e u t r a l i z e d  by a d d i t i o n  of NH3 to a feed  t o  the  NLO k i l n .  

s e l e c t e d  pH ( u s u a l l y  pH = 2.0); t h i s  is done batchwise with c i r c u l a t i o n  by 

a c e n t r i f u g a l  pump f o r  mixing and i n - l i n e  pH elements f o r  con t ro l .  The 

most f r equen t  maintenance requirement is replacement of a broken sc rape r ,  

but ope ra t ion  t o  p r e p a r e  U03 a t  600°C i n s t e a d  of U3O8 a t  900°C should 
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reduce o r  eliminate t h i s  type of f a i l u r e .  The turbo-film evaporator  and 

t h e  off-gas blower a l s o  r e q u i r e  some maintenance. 

5.3 S o l i d s  Discharge Behavior 

Steady-state  discharge of s o l i d s  w a s  demonstrated f o r  a ma jo r i ty  of 

test runs i n  t h e  8-cm-ID k i l n .  Seve ra l  cond i t ions  were shown t o  c o n t r i b u t e  

t o  accumulation of s o l i d s  on t h e  k i l n  w a l l s .  For t h e  small test k i l n ,  t h e  

s i z e  of t h e  breaker  ba r s  i s  l i m i t e d ,  and they were not dependable f o r  

removing s o l i d s  under accumulation-prone condi t ions.  A f u l l - l e n g t h  sta- 

t i o n a r y  s c r a p e r  mounted - 1 t o  2 mm from t h e  tube w a l l  was e f f e c t i v e ,  

without any overloading of t h e  low torque d r i v e  motor, when t h e  feed con- 

t a i n e d  t h e  s t anda rd  NH4+/U mole r a t i o  of 2. 

without NH4N03 i n  t h e  f eed  o r  f o r  t h e  s l u r r y  f eeds  are more d i f f i c u l t  t o  

remove, r e q u i r i n g  a more rugged s c r a p e r  and tube dr ive.  The demonstration 

run r e s u l t s  (Sect.  5.2) with,  and without ,  NH4N03 i n  t h e  feed confirmed 

t h e s e  observat ions.  

The ha rde r  cakes produced 

Large accumulations of s o l i d s  tended t o  r e s u l t  f o r  t h e  fol lowing t h r e e  

The lower NH4+/U mole r a t i o s  r e s u l t e d  i n  s o l i d s  accumulations condi t ions.  

when f i r s t  t e s t e d .  Tests wi th  mole r a t i o s  of 0, 0.8, and 1.2 were con- 

t i nued  by imposing a 560 t o  660°C temperature cyc le  on t h e  furnace t o  main- 

t a i n  a f l u c t u a t i n g  rate of product discharge.  A mole r a t i o  of 1.1 produced 

continuous accumulation, but a r a t i o  of 1 .3  w a s  used w i t h  no d i f f i c u l t y  

a f t e r  t h e  f u l l - l e n g t h  s c r a p e r  w a s  i n s t a l l e d .  One tes t  with a c i d - d e f i c i e n t  

feed equ iva len t  t o  U02(0H)0. 35(N03) 1 .65'2NH4N03 in solution gave precipita- 
t i o n  i n  t h e  f eed  off-gas scrubber  and a very l a r g e  accumulation of s o l i d s  

wi th in  t h e  heated l e n g t h  of t h e  k i l n .  Excessive hea t  t r a n s f e r  t o  t h e  feed 

po in t  from high furnace temperatures o r  by l a r g e  f u l l - l e n g t h  breaker  bars 

causes caking on t h e  walls, which is  d e t r i m e n t a l  t o  s o l i d s  discharge.  

Presence of l i q u i d  r a t h e r  t han  s o l i d s  a t  t h e  feed po in t  is d e s i r a b l e  and 

t h e  ope ra t ing  cond i t ions ,  i nc lud ing  t h e  feed flow rate, should be s e l e c t e d  

b 

t o  maintain t h i s  condi t ion.  

Use of s i x t y  1.9-cm-diam . b a l l s  i n  p l ace  of breaker ba r s  gave t h e  poores t  

s o l i d s  discharge of any arrangement t e s t e d .  Operation without  breaker  bars 

produced rounded lumps of inadequately heated s o l i d s  with chemical com- 

p o s i t i o n  of NH4U02(N03)3, even though t h e  tube center l ine temperature w a s  



Table 10. S o l i d s  discharge behavior f o r  r o t a r y  k i l n  test runs 

Furnace 
Mechanical f e a t u r e s  NH4+/U temperature  Run Holdup 

Scraper  bar Breaker rods (nole/mole) ("C) No. Overa l l  (9) D e t a i l s  

None 

Short  
0.3 x 3.1 x 

18. c m  

F u l l  
0.16 x 1.27 

x 60. cm 

F u l l  
0.3 x 3 x 
80. cm 

Ful l  l ength  
1.27-cm-D, f o u r  

Ful l  l ength  
1.27-cm-D. t h r e e  

Ful l  L, 1.91-cm-D, t h r e e  
Ful l  L. 1.91-cm-D, two 

None 
1.9 cm-D balls, s i x t y  

F u l l  L, 1.27-cm-D, t h r e e  
F u l l  L, 1.91-cm-D, one 

Short L, 1.27-cm-D, three  

Short L, 1.27-cm-D, two 

F u l l  L, 1.27-cm-D, t h r e e  

Short  L, 1.94-cm-D, two 

0 
1.1 
2.1 

0 
2.0 
2.1 
2.0 
2.0 

2.0 
2.0 

2.0 
4.0 

2.0 
2.0 

2.0 
2.0 
1.3 
2.0 

0.8 
1.2 
2.0 

0 
1.3 
2.0 
2.0 
2.0 
2.0 
3.0 

2.0 
2.0 
2.0 

3.0 
3.5 

650 
690 
690 

620*50a 
710 
650 
610 
530 

570 
590 

640 
610 

620 
630 

640 
570 
580 
580 

630i30' 
610i25' 
580f30' 

490 
590 
730 
650 
590 
530 
590 

660 
580 
590 

590 
600 

7 
6 
5 

14 
22 
12 
21 
13 

10 
11 

28 
33 

23 
27 

29 
30 
32 
31 

19 
18 
20 

42 
39 
41 
35 
34 
37 
40 

44 
36 
43 

46 
47 

Unacceptable 
Poor 
Good 

Adequate 
Unacceptable 
Adequate 
Very good 
Good 

Good 
Poor 

Poor 
Unacceptable 

Good 
Poor 

Very good 
Adequate 
Very good 
Excel lent  

Very poor 
Poor 
Good 

Poor 
Very good 
Excel lent  
Excel lent  
Excel lent  
Excel lent  
Excel lent  

Excel lent  
Excel lent  
Excel lent  

Adequate 
Adequate 

>300 

600 
600 
450 
300 
550 

400 

>600 
> 1000 

300 
500 

450 
400 
250 
200 

550 
500 
500 

700 
250 
200 
150 
200 
200 

200 
200 
150 

250 
250 

Shor t  run t i m e  
Short  run t i m e  
Short  run t i m e  

Temp. cyc le  requi red  
Various product s o l i d s  
Varying product rates 
New r e t a i n e r  p l a t e  
Large s o l i d s  holdup 

Short  run t i m e  
Poor heat  t r a n s f e r  

Inadequte heat  t r a n s f e r  

Discharge rate 0 a t  end 

8.5 h U feed 

Scraper  weld broke 
4 

U/Th - 3.0 
U/Th = 3.0 . 
U / C e  = 3.0 

s l u r r y  feed ,  ADU 
p r e c i p i t a t e ,  U/Th - 

'Temperature cyc le  imposed t o  give f l u c t u a t i n g  s o l i d s  discharge. 
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520'C. Breaker bars appear necessary t o  a s s u r e  good hea t  t r a n s f e r  t o  the  

s o l i d s .  The product discharge r e s u l t s  are summarized i n  Table 10. 

5.4 Resu l t s  from t h e  Off-Gas System 

The feed and off-gas system were i n s t a l l e d  t o  allow p r a c t i c a l  ope ra t ion  

of t he  ORNL r o t a r y  k i l n  with depleted uranium and were not intended t o  meet 

t h e  requirements f o r  plutonium o r  f o r  a p i l o t  plant .  The test k i l n  system 

had two important l i m i t a t i o n s  on ope ra t ing  condi t ions.  The c o n t r o l  of 

vapor flow through t h e  open tube ends r equ i r ed  a l a r g e  a i r  flow, which 

l i m i t e d  t h e  average holdup times i n  t h e  off-gas system and r e s u l t e d  i n  high 

scrubber  g a s / l i q u i d  flow r a t i o s .  The r a d i o a c t i v e  off-gas system has a 

l i m i t e d  vacuum, r e q u i r i n g  low p res su re  drops through t h e  scrubber.  

The off-gases were exhausted through a packed scrubber  column, then 

through t h e  tubes of a water-cooled, shell-and-tube hea t  exchanger (Fig. 

6). Condensate w a s  c o l l e c t e d  i n  a 15-cm-I.D. tank, with discharge of gases  

through a rotameter  t o  a r a d i o a c t i v e  off-gas system. A l i m i t e d  range of 

gas flow was used, s i n c e  excess ive  flows caused t r app ing  of feed s o l u t i o n  

i n  t h e  1.8-cm-I.D. l i n e  between t h e  scrubber  and r o t a r y  k i l n  and low flows 

allowed fume l o s s e s  from the  open ends of t h e  k i l n .  

Uranium concen t r a t ion  i n  t h e  condensate w a s  reduced from - 25 g/L with 

no scrubber  t o  less than 1 g/L f o r  about 12-cm of coarse  (5/8-in. P a l l  

r i n g )  packing. Lower values  should be obtained from use of more e f f i c i e n t  

scrubbers.  

The condensate concen t r a t ion  of NH4+ depended on t h e  NJl4+/U mole r a t i o  

i n  t h e  feed and on t h e  tube temperature (Table 11). This concen t r a t ion  

could probably be reduced by more e f f i c i e n t  scrubbing, but lower con- 

c e n t r a t i o n s  would be unnecessary i f  t he  condensate i s  n e u t r a l i z e d  with 

ammonia and recycled as proposed i n  Sect. 6. 

The a c i d  content  i n  t h e  condensate was 30 t o  60% of the  metal nitrate 

and HNO3 concen t r a t ions  of t h e  feed. This is d i s t i n c t l y  d i f f e r e n t  from t h e  

batch material balance tests (Sect. 4.4), where t h e  values  were near 100%. 

The continuous k i l n  seems to g ive  more NO and a l s o  more complete decom- 

p o s i t i o n  t o  N 2  and 02. 

runs and were 98 f 4%, assuming s a t u r a t e d  off-gas without entrainment of 

l i q u i d  H20. 

Water material balances were c a l c u l a t e d  f o r  a few 

f 

L 
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Table 11. Rotary kiln run conditions and some effluent analyses 

Scrubber Solid 
Feed,concentrations packed Tube ROT Condensate concentrations product 
NH&+/U length temperature test NHbf U HT F ea 

0 
0 
0 
0.8 
1.1 
1.2 
1.3 
2.0 
2.0 
2.0 
2.0 
2;o 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
3.0 

2.0 
2.0 
2.1 
2.0 
2.0 
2.0 
2.1 
1.65 
2.0 
2.0 
2.0 
2.0 
2.1 
2.1 
2.1 
2.1 
3.0 
3.0 
2.1 

0 
12 
50 
12 
0 
12 
50 
50 
0 
12 
12 
12 
50 
50 
50 
50 
50 
50 
50 

570 
500 
49 0 
39 0 
580 
420 
440 
490 
570 
380 
440 
530 
390 
450 
500 
620 
490 
560 
450 

7 
14 
42 
19 
6 
18 
39 
26 
5 
13 
21 
12 
37 
34 
35 
41 
24 
25 
40 

16 
40 
23 

163 
750 

370 
3,344 
2,810 
1,342 
4,389 
2,540 
1,569 
2,210 
4,380 
3,470 
9,840 

25,000 
53 2 
47 8 

1,240 
23,200 
1,590 
1,670 

26,200 
68 9 
796 
567 
974 

1,150 
1,610 
935 

932 

832 

862 

0.44 
1.10 
1.84 
0.86 
0.18 

0.88 
0.51 
0.30 
1.00 
1.08 
0.90 
1.21 
1.10 
1.10 
0.96 
1.79 
1.49 
1.26 

0.82 

408 
93 

126 

130 
129 
88 

149 
141 
92 
190 
211 
85 

aFe in UO2(NO3)2 feed solution is equivalent to 150 ppm Fe in products. 
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The off-gas system holdup t i m e  and cond i t ions  do not allow much reoxi- 

d a t i o n  of NO t o  N02. 

elsewhere,  l 7 9 l 8  but  r e s u l t s  f o r  a k i l n  with seals and a low in-leakage of 

a i r  would be d i f f e r e n t .  While our tes t  k i l n  r e s u l t s  do not r ep resen t  p i l o t  

p l a n t  cond i t ions ,  no a d d i t i o n a l  experimental  information is  needed f o r  

p i l o t  p l a n t  design. 

The requirements f o r  such off-gases have been s t u d i e d  

The gas flow from t h e  condensate tank t o  t h e  r a d i o a c t i v e  off-gas system 

was sampled i n  two ways. 

19.62% A r  + 02 and 78.83% N2. This off-gas is - 90 vo l  % purge air ,  and the 

N20 concen t r a t ion  ag rees  with batch material balance r e s u l t s .  Gas flow 

through paper f i l t e r s  showed very low p a r t i c u l a t e  l o s s e s  of uranium and 

NH4+; t h e  alpha r a d i o a c t i v i t y  on t h e  f i l t e r s  a f t e r  20 and 60 min of flow 

w a s  not measurable. Chemical ana lyses  and est imated flow volumes i n d i c a t e d  

l o s s e s  of less than 

demonstration runs (Sect.  5.2) with a more e f f i c i e n t  scrubber  showed 10 ppm 

U and 100 ppm NH4+ i n  t h e  condensate samples .  These are 0.1 t o  0.01 of t h e  

concen t r a t ions  found f o r  t he  ORNL r o t a r y  k i l n  condensate. 

Analyses on a volume basis averaged 1.71% N20, 

U and 0.1% NH4+ based on t h e  k i l n  feed. The 

5.5 Mechanical Operation, Corrosion, and Capacity 

Mechanical ope ra t ion  ( o t h e r  than the  s o l i d s  discharge behavior discussed 

i n  Sect. 5.2) and co r ros ion  r e s u l t s  f o r  t h e  r o t a r y  k i l n  system have been 

s u r p r i s i n g l y  good. The system was designed f o r  ease of f a b r i c a t i o n ,  using 

s tore-s tock i t e m s  o r  su rp lus  components. The only s i g n i f i c a n t  mechanical 

changes from the  o r i g i n a l  design were v a r i a t i o n s  i n  breaker bars, s c r a p e r s ,  

and r e t a i n e r  r i n g s  t o  modify the  s o l i d s  d i scha rge  performance. 

For t h e  U02(N03)2-NHqN03 feed  s o l u t i o n ,  t h e  product U 0 3  shows the  

same i r o n  content  (90 t o  150 ppm) as the  U02(N03)2 f eed  s o l u t i o n s  o r  as 
U O 3  from d e n i t r a t i o n s  of t h e  same s o l u t i o n  i n  glassware. 

HNO3, or  f o r  no NH4NO3 i n  t h e  feed,  t he  Fe content  of product U03 was 200 t o  

400 ppm (Table 8). 

For 1.7 - M excess 

The low-torque d r i v e  motor was s e l e c t e d  f o r  mechanical s a f e t y ,  but i t  

s t a l l e d  during only t h r e e  runs with a sc rape r  i n  the  tube and NH4+/U mole 

r a t i o s  <2 i n  t h e  feed. The motor is a Cole-Parmer Co., No. 4555G, gear  

motor r a t e d  f o r  5 in.-lbs torque a t  0-150 rpm. The sp rocke t s  g ive  a 3.3 

torque m u l t i p l i c a t i o n .  The most common tube r o t a t i o n  has been 16 rpm. A 

heav ie r  gear  motor was used f o r  ROT-49 and later tests. 

- 

I 

4 
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A run w a s  made t o  determine the  maximum capac i ty  of t he  8-cm-ID test 

k i l n  (90-cm t o t a l  l eng th ,  30-cm heated length) .  The capac i ty  is l i m i t e d  

by the  furnace,  which is r a t e d  as 2500 W a t  230 V and is  est imated t o  

ope ra t e  a t  2000 W. NH4NO3, 

t h e  capac i ty  l i m i t s  are 800 g/h U03 a t  475OC tube temperature and 760 g/h 

U03 f o r  a 525OC tube temperature. 

and t h i s  diameter tube could probably ope ra t e  a t  much higher  c a p a c i t i e s  by 

us ing  a longer  heated l eng th  and a l a r g e r  furnace.  

capac i ty  from these  r e s u l t s  and from the  demonstration runs i n  t he  16-cm- 

diam k i l n  is 0.03 cm3/min of feed s o l u t i o n  p e r  cm2 of heated k i l n  w a l l .  

The breaker bars  are necessary t o  provide good hea t  t r a n s f e r  t o  the  s o l i d s .  

For a feed s o l u t i o n  of 2.03 - M U02(N03)2-4.1 

Operation w a s  good at  both temperatures,  

A recommended design 

6. WASTE HANDLING AND PROPOSED FLOWSHEET CONDITIONS 

The off-gases from t h e  d e n i t r a t i o n  w i l l  be similar t o  and compatible 

with those from o t h e r  reprocessing p l a n t  ope ra t ions  such as the  d i s s o l v e r s .  

Use of t h e  feed f o r  a l iquid-gas scrubber  can provide e x c e l l e n t  removal of 

p a r t i c u l a t e  s o l i d s  and r e t u r n  them t o  t h e  d e n i t r a t o r .  The technology f o r  

t reatment  and recovery of t h e  n i t rogen  oxides has been w e l l  developed f o r  

r ep rocess ing  p l a n t s ,  l7 s l8 but t he  n e g l i g i b l e  concen t r a t ions  of r a d i o a c t i v e  

iod ine  and o t h e r  f i s s i o n  products i n  t h e  d e n i t r a t i o n  off-gases s i m p l i f i e s  

t reatments .  

Although concentrated HNO3 could be recovered f o r  use elsewhere, it is 

more practical  t o  n e u t r a l i z e  i t  with aumonia and thus produce t h e  NH4N03 

required.  

waste streams would be noncondensible gases and water from t h e  evaporator  

(Fig. 15). 

and t reatments  f o r  NO, ox ida t ion  or  reduction. 

would be : 

I f  t h i s  were done, t he  HNO3 flow would be zero and t h e  only 

The cold scrubber  system would inc lude  t h e  necessary holdup 

The ne t  o v e r a l l  r e a c t i o n  

3U02(N03)2 + Pu(N03)4 + 2HNO3 + l2NH4OH + xH20 + 

3UO3 + Pu02 + (X + 31)H20 + 4N20 + 8N2 + 402 

Operations needed t o  s e p a r a t e  t h e  s o l i d ,  H20, and noncondensible gaseous 

products are w e l l  developed and e a s i l y  appl ied.  

would be n e u t r a l i z d  and HNO3 concen t r a t ions  moderate, co r ros ion  problems 

f o r  waste handling should be mild. 

Since the  surge l i q u i d  
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7. RESULTS AND CONCLUSIONS 

- _  
4 

Development s t u d i e s  made without plutonium were d i r e c t e d  toward use of 

r o t a r y  k i l n s  f o r  coden i t r a t ion  of U-Pu nitrates.  Direct d e n i t r a t i o n  and 

use  of r o t a r y  k i l n s  are the  recornended s e l e c t i o n s  from an eva lua t ion  of 

coconversion a l t e r n a t i v e s .  Chemical and equipment flowsheet v a r i a b l e s  were 

s tud ied  f o r  p repa ra t ion  of uranium oxides and mixed oxides (excluding 

plutonium). 

\ 

The ceramic p r o p e r t i e s  of t he  product oxides were g r e a t l y  improved by 

modi f ica t ion  of t he  chemical f lowsheet condi t ions.  Small-scale, batch 

thermal decompositions showed t h a t  presence of NH4NO3 i n  the  feed gave 

l a r g e ,  favorable  changes i n  the  s o l i d  product p r o p e r t i e s  compared t o  those 

from UO2(NO3)2 s o l u t i o n s  without NH4IJO3. 

batch and continuous d e n i t r a t i o n  s t u d i e s  were made with the concent ra t ion  

of NH4NO3 i n  t h e  feed as a major process  va r i ab le .  

Based on these  scout ing  tests, 

The p r i n c i p a l  c r i t e r i a  f o r  t he  ceramic p r o p e r t i e s  of product oxides are 

t h e  dens i ty  and micros t ruc ture  of oxide p e l l e t s  f a b r i c a t e d  by a s tandard  

" s i n t e r a b i l i t y  tes t"  procedure. For U03 from e i t h e r  t he  batch or  t h e  con- 

t inuous  tests, the  usua l  d e n i t r a t i o n  condi t ions  gave s i n t e r e d  d e n s i t i e s  of 

68 t o  70% of t h e o r e t i c a l  and poor micros t ruc tures .  The modified condi t ions ,  

wi th  NH4NO3 i n  the  feed,  c o n s i s t e n t l y  gave 92 or  93% of t h e o r e t i c a l  dens i ty  

and good micros t ruc tures .  The B.E.T. su r f ace  areas f o r  continuous den i t r a -  

t i o n s  were 0.7 t o  1.6  m2/g without ,  and 8 t o  12 m2/g with,  t he  NH4NO3 i n  

t h e  feed. Large improvements i n  p e l l e t  d e n s i t i e s  and more favorable  B.E.T. 

su r f ace  areas were a l s o  seen f o r  uranium-thorium oxides with a mole r a t i o  

of U/Th = 3 when NtI4N03 i s  i n  the  U02(NO3)2-Th(N03)4 feed so lu t ion .  

Par t ic le  s i z e  d i s t r i b u t i o n s  f o r  UO3,  UO2,  or  mixed oxides with NH4+/ metal 

mole r a t i o s  of two i n  t h e  feed show >99% of p a r t i c l e s  are smaller than 12 pm 

wi th  mean diameters of 2.5 t o  3.6 I.~Q (weight bas i s ) .  

The favorable  e f f e c t  of the  NtI4NO3 i s  bel ieved t o  r e s u l t  from decom- 

p o s i t i o n  of NHqU02(N03)3 as a s o l i d ,  whereas the  UO2(NO3)2 (without  NH4NO3) 

decomposes as a molten salt.  Resul t s  from thermal ana lyses  (TGA, DTA) of a 

U02(N03)2-NHqN03 mixture are not t h e  same as a combination of r e s u l t s  from 

ana lyses  of t he  two separate salts. Visual  observa t ions  of thermal decom- 

p o s i t i o n  behavior a l s o  show these  d i f f e rences .  Batch material balance runs 
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i n d i c a t e  t h a t  t he  NH4N03 decomposes completely t o  N2, 02, N20, and H20, 

whi le  t h e  metal n i t r a t e s  y i e l d  h igher  oxides of n i t rogen .  

Some o the r  favorable  r e s u l t s  of test k i l n  opera t ions  decrease  t h e  

s i g n i f i c a n c e  of poss ib l e  problems. For example, with U02(N03)2-NHqN03 feed  

s o l u t i o n s ,  t h e  product U03 had t h e  same i r o n  conten t  (90 t o  150 ppm) as t h e  

feed  s o l u t i o n ,  whereas with excess  a c i d  o r  no NH4NO3 i n  t h e  feed ,  t h e  U03 

product i r o n  conten t  was 200 t o  400 ppm. Also, with an off-gas scrubber  

us ing  a s h o r t  l ength  of coarse  packing t o  contac t  t he  feed s o l u t i o n  and t h e  

off-gas,  t h e  condensate contained less than 0.1% of the  uranium and less 

than 1% of the  NH4+ present  i n  the  feed. 

f lowsheet would n e u t r a l i z e  the  condensate with NH3 and concen t r a t e  i t  t o  

supply NH4NO3 t o  the  k i l n .  

removed during t h e  condensate concent ra t ion  and the  02, N2, N20, and 

unrecovered NO i n  t h e  off-gases. 

A simple,  i n t e g r a t e d  process  

The only process  wastes would then be t h e  H20 

A r o t a r y  k i l n  tes t  u n i t  of 8-cm-ID and 90-cm l eng th  w a s  designed, 

f a b r i c a t e d ,  and operated f o r  more than f i f t y  tes t  runs t o  p r e p a r e  U03 o r  

mixed oxides.  The amount of NH4NO3 i n  t h e  feed is t h e  c o n t r o l l i n g  v a r i a b l e  

f o r  t h e  ceramic p r o p e r t i e s  of t h e  UO3 product.  Most tests were made wi th  

U02(N03)2-NHqN03 s o l u t i o n s  having mole r a t i o s  of im4/U = 2. 

favorable  r e s u l t s  were obtained f o r  NH4/U mole r a t i o s  as low as 1.2 

mole/mole, but r a t i o s  less than 1.2 gave v a r i a b l e  r e s u l t s .  The tempera- 

t u r e s  i n s i d e  t h e  k i l n  (350 t o  62OOC) g r e a t l y  a f f e c t e d  NO3- conten t  or t h e  

l o s s  on i g n i t i o n  (LOI)  t o  900°C f o r  the  s o l i d  products ,  but d id  not  a f f e c t  

t h e  ceramic p r o p e r t i e s  a f t e r  c a l c i n a t i o n  and reduct ion  t o  U02 a t  600°C. 

Equally 

Steady-state  d i scharge  of s o l i d s  from t h e  r o t a r y  k i l n  w a s  demonstrated 

f o r  a major i ty  of t he  tes t  runs. The s o l u t i o n  feeds  conta in ing  NH4NO3 g ive  

s o f t  oxides  of lower d e n s i t i e s  t h a t  d i scharge  e a s i l y .  The UO2(NO3)2 

s o l u t i o n s  without NH4NO3 and the  s l u r r y  feeds  form hard cakes;  they would 

r e q u i r e  a rugged mechanical s c rape r  t o  a s su re  dependable d ischarge  of 

U03 s o l i d s .  

Demonstration tes t  runs i n  a 16-cm-diam r o t a r y  k i l n  a t  t h e  NLO uranium 

feed materials p l an t  show good agreement with OKNL k i l n  runs a t  similar 

condi t ions .  A t  our modified flowsheet condi t ions  and k i l n  temperatures  of 

605 o r  460"C, the  B.E.T. su r f ace  areas are 7.23 and 6.30 m2/g, r e spec t ive ly ,  

wi th  tes t  p e l l e t  d e n s i t i e s  of 93.0 and 93.5% of t h e o r e t i c a l  dens i ty .  

For unmodified condi t ions  a t  750, 605, and 445"C, t h e  B.E.T. su r f ace  areas 

* 

b 
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are 0.70 t o  1.46 m2/g and the  test p e l l e t s  are 68% of t h e o r e t i c a l  dens i ty .  

The modified flowsheet gave b e t t e r  mechanical opera t ion  and lower con- 

c e n t r a t i o n s  of i r o n  i n  t h e  product oxides ( l e s s  cor ros ion) .  

S tudies  of t he  improved d e n i t r a t i o n  process  are cont inuing with devel- 

opment of optimum p e l l e t  f a b r i c a t i o n  procedures and ope ra t ion  of a r o t a r y  

k i l n  i n  a glove box t o  p r e p a r e  (U-Pu)O2. 
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APPENDIX 

Kiln Assembly Details 

The r o t a r y  k i l n  furnace is mounted on a s t and  f a b r i c a t e d  from aluminum 

p l a t e  and an a d j u s t a b l e  u n i s t r u t  frame (Figs. 5 and 6) .  The r o t a t i n g  tube 

is  supported by two p a i r s  of steel-wheel r o l l e r  s k a t e s  bol ted t o  the  

a d j u s t a b l e  frame. A l l  connections t o  the  k i l n  are f l e x i b l e  and the  angle  

of t h e  tube t o  t h e  h o r i z o n t a l  i s  ad jus t ed  by shims between t h e  s t and  and 

t h e  f l o o r .  The thermocouples i n s i d e  the  tube,  t h e  feed nozzle,  and t h e  

sc rape r  bar  are f i x e d  t o  t h e  frame and supported by a d j u s t a b l e  brackets  at 

t h e  open ends of t he  tube. A t  t he  high or  l i q u i d  feed end of t he  k i l n  

tube,  a washer of 2.54-cm I D  is seal-welded i n s i d e  t h e  tube, 7.6 c m  from 

t h e  open end. The s t a t i o n a r y  feed tube is u s u a l l y  pos i t i oned  t o  discharge 

l i q u i d  feed 2.5 cm i n s i d e  t h i s  washer or  dam. The breaker-bars are 

r e t a i n e d  by a dam with ho le s  or  s l o t s  f o r  s o l i d s  discharge 15 c m  from the  

lower end of t he  tube. I n i t i a l l y ,  t h i s  dam w a s  locked t o  t h e  tube with set 

screws and r o t a t e d  with t h e  tube. When a f u l l  l eng th  sc rape r  bar was 

i n s t a l l e d ,  t h i s  r e t a i n e r  was made a p a r t  of t h e  s t a t i o n a r y  scraper bar 

assembly with -0.3-cm clearance t o  the  tube w a l l .  The r o t a t i n g  tube is 

pos i t i oned  a x i a l l y  by an e x t e r n a l  r i n g  which r i d e s  between t h e  wheels of 

one p a i r  of r o l l e r  ska t e s .  The d r ive  sprocket  is welded t o  a r i n g  of 

3.5-in. sched. 40 pipe which s l i p s  over t h e  tube and is locked with set 

screws. The d r i v e  motor i s  mounted on t h e  stand. 

The scrubber  packing is  supported by a coa r se  g r i d  i n s i d e  5-cm-ID 

Pyrex pipe. 

cool ing water on the  s h e l l  s ide.  

gas system is i n d i c a t e d  by a rotameter. 

as a r e s u l t  of l i q u i d  c o l l e c t i n g  i n  t h e  rotameter  and "bounce" o r  rapid 

v a r i a t i o n s  of t he  f l o a t  posi t ion.  Condensate is c o l l e c t e d  i n  Pyrex pipe,  

15-cm-ID by 60 c m  i n  length.  

The condenser is a s h e l l  and tube hea t  exchange (0.4 m2) with 

The gas flow rate t o  a r a d i o a c t i v e  off-  

This  measurement has poor accuracy 

The feed is pumped by a variable-speed p e r i s t a l t i c  tubing pump, and 

The feed discharges through 0.25-in.-OD tubing i n t o  t h e  scrubber  packing. 

rate is l i m i t e d  by t h e  hea t  r a t i n g  of t he  fu rnace  t o  about 15 cm /min, 

depending on the  furnace temperature €or water feed o r  UOz(NO3)2 s o l u t i o n  

3 
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feed. For U02(N03)2-NHbN03 s o l u t i o n ,  t h e  NK4NO3 decomposes exothermica l ly  

t o  produce gases;  feed rates up t o  23 cm3/min were used without d i f f i c u l t y .  

The hea t  input  t o  the  r o t a r y  k i l n  w a s  c o n t r o l l e d  by one of t h r e e  

procedures. Control  from the thermocouple i n s i d e  the  tube t o  an on-off 

c o n t r o l l e r  f o r  t h e  furnace gave s i g n i f i c a n t  temperature cyc le s  of 20 t o  

5OoC because of t he  l a g  between the  furnace  temperature and t h e  tube t e m -  

pera ture .  Manual adjustment of a variac i n  t h e  furnace power supply 

completely e l imina ted  cyc l ing  e f f e c t s  but allowed slow d r i f t s  i n  t e m -  

pe ra tu re  depending on gas flow rates,  s o l i d s  coa t ing  i n s i d e  t h e  tube,  and 

o t h e r  f a c t o r s .  Control  from a thermocouple loca t ed  between t h e  furnace  

elements and t h e  tube provided exce l l en t  c o n t r o l  of t he  furnace  t e m -  

pe ra tu re ,  but  a v a r i a b l e  d i f f e r e n c e  between t h e  temperatures  of t h e  furnace  

and t h e  tube thermocouple. This  l a s t  procedure was most commonly used wi th  

adjustments  of t he  set point  t o  change the  tube temperatures.  Thermal 

r e f l e c t o r  washers were locked t o  the  r o t a t i n g  tube,  one a t  each end of t h e  

furnace,  t o  reduce t h e  hea t  l o s s e s  (Fig. 5). The temperature d i f f e r e n c e  

between t h e  furnace  and t h e  tube w a s  s e n s i t i v e  t o  the  spacing between those  

r o t a t i n g  washers and the  s t a t i o n a r y  furnace end, and t h e  gap va r i ed  from 

l i g h t  contac t  t o  -0.3 mm, depending on t h e  thermal expansion of t he  tube. 

The i n i t i a l  aluminum thermal r e f l e c t o r  d i s c s  were held with set  screws, and 

t h e  d i f f e rences  i n  thermal expansion allowed them t o  loosen and move on t h e  

tube during temperature changes. The design shown i n  t h e  k i l n  d e s c r i p t i o n ,  

with s ta inless  s teel  d i s c s  and b o l t s ,  remained i n  p o s i t i o n  much b e t t e r .  

I 

1 

- .  
1 
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Edited Trip Report on Rotary Kilns (March 4, 1980) 
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TO : Distribution 

FROM : F. E. Harrington and P. A. Haas 

SUBJECT: Trip Report: Visit to Goodyear (Portsmouth, Ohio) and 
National Lead Co. of Ohio (Fernald, Ohio) to Discuss Rotary 
Calciner Denitrations 

A rotary kiln type of continuous denitration equipment is proposed for 
conversion of uranyl nitrate-plutonium nitrate solutions to (U,Pu)O2 oxides 

for pellet preparation. This selection of equipment type is based on the 
routine use of such units for uranium at four DOE plants. The procedures 

used and the experiences differ greatly and the information has not been 
published. This trip was made to obtain information from two of these 

sites. The attached list "Questions Concerning Rotary Kiln Denitrator 
Operation" was reviewed at both sites. 

discussion at the ORGDP with N. G. McRea (574-9009) is also mentioned. 
(1) Goodyear Atomic Corporation--2/27/80--Portsmouth 

Some information from an earlier 

The purpose of the visit was to obtain first-hand information on their 
rotary kiln calciner operations. 

Carl Worthington (975-4445), and Walter Miller (area foreman). The plant 
has three old, gas-fired units in the Recovery Area and one electric unit 

in the UF6 section (feed is UNH). 

in operation and the Recovery Area apparently has not operated much 

recently. 
this probably also applies at Portsmouth. ) 

We met with John Vournazos (FTS 975-4444), 

At the time of our visit, no units were 

(At the ORGDP, only scrap of - >2% 235U is worth recovering, and 

The major points evolving from the discussion and tour were: 
1.  The metal-metal grease seal is adequate. 

2. Maintenance of chain drive (undersized) and instrumentation is a 
major problem. 

3. The tube is ultrasonically inspected for any thinning; tube life 
has been -5 years. 

The 16-cm-ID tube is considered safe for highest enrichment 090%) 
because of the rods in the tube, the overflow at the air inlet on 

the product end, and the limited volume of the feed tank. The tube 
cannot be filled with solution. 

4. 
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5. Reducing t h e  k i l n  temperature causes caking or  formation of a 

"doughnut" of gummy material, but q u a n t i t a t i v e  information on t e m -  

p e r a t u r e  l i m i t a t i o n s  was not a v a i l a b l e .  

A l l  t h e  u n i t s  ope ra t e  as rod mills with s t a i n l e s s  s t ee l  rods ( f o u r ,  

3/4 in .  diam) and about 1 /2  i n . / f t  s lope.  The e lec t r ic  u n i t  has -3 
in .  s lope  i n  7-1/2 f o o t  length.  

6. 

7. There has been no experience with use of t he  product f o r  p e l l e t  

p repa ra t ion ,  with o t h e r  d e n i t r a t i o n  equipment, or  with ope ra t ion  of 

t h e  r o t a r y  k i l n  t o  prepare u03. 

8. The product ion ra te  is  10 k g / ( s h i f t ) ,  and t h e  only product is 

U308 
They c o n s i s t e n t l y  prepare a f i n e  U 3 O 8  powder using round 1.9-cm- 

diam s t a i n l e s s  s tee l  rods i n  t h e  k i l n s  and high (>1600°F) furnace 

temperatures.  

9. 

10. The only product compositions of concern t o  them are t h e  i s o t o p i c  

and t h e  r e s i d u a l  NO3- and H20 i n  t h e  U3O8.  They have a scrubber  

operated hot  with Raschig r i n g  packing. Brown fumes are p resen t  

i n  t h e  off-gases l eav ing  t h e  scrubber ,  but they have no information 

on off-gas compositions o r  scrubber  l i q u i d  composition. 

11. Analysis of t h e  product,  p a r t i c u l a r l y  f o r  i r o n ,  w i l l  be obtained 

from John Murre1 (975-2182) and forwarded t o  us (by Carl 

Worthington). 

12. When a s says  are changed, t h e  u n i t  i s  run u n t i l  a l l  l oose  powder i s  

i n  t h e  product can. 

13. The t h r e e  gas-f i red u n i t s  w i l l  be replaced by two e lec t r ic  u n i t s  i n  

t h e  coming year.  

14. S p e c i f i c a t i o n s  and c o s t s  f o r  new electric r o t a r y  k i l n s  w i l l  be 

obtained from Steve Wethington (975-2842) and forwarded t o  US. 

15. Questions 15 t o  21 on demonstration runs were not discussed a t  

Portsmouth as w e  d i d  not  expect t o  r eques t  demonstration runs 

from them. They d id  not  o f f e r  any comments. 

The Goodyear area is similar t o  t h e  Recovery Area a t  K-25. The 

Bart le t t  Snow Kilns  were i d e n t i c a l  t o  those a t  K-25 when purchased but 

ope ra t ions  have evolved d i f f e r e n t l y ,  with Goodyear feeding u rany l  nitrate 

s o l u t i o n  t o  t h e  k i l n  and K-25 i n s e r t i n g  a drum d rye r  before  the  k i l n  f o r  

feed of s o l i d s  by a screw feeder .  

7 

5 
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i 
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(2 )  Nat ional  Lead of Ohio (NLO)--2/28/80--Fernald, Ohio 

We m e t  wi th  M. G. Mendel (FTS 774-8735), Carl Polson, and Frank Neble t t  

and toured t h e  f a c i l i t y .  

Savannah River P lan t .  The as-received feed is  p a r t i a l l y  n e u t r a l i z e d  and 

then concentrated t o  -700 gU/L i n  a wiped-film evaporator  ( c a l l e d  a Turbo- 

f i l m  a t  NLO) wi th  -1 f t 2  hea t  t r a n s f e r  su r f ace  using 150 p s i  steam. 

c a l c i n e r  w a s  i n  ope ra t ion  producing -5.5 l b  U ( a s  U308)/h - as high as 10 

l b s / h  have been achieved - t h e  l i m i t  is the  "turbo-film'' evaporator  capa- 

c i t y .  The p a r t i a l  n e u t r a l i z a t i o n  is  performed batchwise by add i t ion  of 

anhydrous NH3 t o  r e c i r c u l a t i n g  UNH a t  the  pump suc t ion  u n t i l  pH = 2. 

pH is  measured by a s tandard  in - l ine  e l e c t r o d e  of t he  type we used f o r  t h e  

r e s i n  loading system. 

It is  c u r r e n t l y  processing UNH s o l u t i o n  from the  

The 

The 

The e l e c t r i c a l l y  heated r o t a r y  k i l n  w a s  ope ra t ing  with 1750'F t e m -  

pe ra tu re  a t  t h e  hea t ing  element and 1650°F f o r  t h e  atmosphere i n s i d e  the  

k i l n .  The NH3 a d d i t i o n  r e s u l t s  i n  t h e  e l imina t ion  of t he  "dough" s t a g e  

al though t h e  o r i g i n a l  use w a s  t o  reduce chromium i n  the  product. 

s o l u t i o n  passes through a packed scrubber  column, countercur ren t  t o  the  

off-gas. The k i l n  con ta ins  a lawn-mower reel type sc rape r  and is served by 

a cam-operated knocker on each end. The i n l e t  metal-metal seals are backed 

up by t e f l o n  bellows through which the  feed l i n e  e n t e r s  the  k i ln .  The 

sc rape r  sha f t - sea l s  are of a type used f o r  c e n t r i f u g a l  pump s h a f t s .  

The major po in t s  evolving from t h e  d i scuss ion  and tou r  were: 

1. Sea l s  are not an important problem. 

2. The sc rape r  r equ i r e s  replacement every two months. 

3. Heating element f a i l u r e  i s  t h e i r  major maintenance problem. 

The feed 

Bearings on t h e  turbo-film evaporator  r e q u i r e  pe r iod ic  replace- 

ment, and the  blower used f o r  off-gas flow requ i r e s  maintenance. 

4. The bulls-eyes a t  both bottom of t h e  scrubber  and a t  the  d ischarge  I 

end of t h e  k i l n  are very h e l p f u l  i n  checking s a t i s f a c t o r y  operat ion.  

The NH3 a d d i t i o n  is  t h e  most important procedure f o r  e l imina t ion  

of caking. The NH3 a d d i t i o n  and use of t h e  sc rape r  began a t  the  

same t i m e .  The knockers were added s l i g h t l y  later as scheduled, 

but  were not needed a f t e r  t h e  NH3 a d d i t i o n  and sc rape r  were used. 

5. 

6. Current opera t ion  is  r e l i a b l e ,  producing low-chromium product con- 

t a i n i n g  -0.25% H20 and <0.1% NO3-. 
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7. They have not prepared any products  o t h e r  than U3O8 f o r  s t o r a g e  

o r  conversion t o  UFg. 

8. The product i s  mostly f i n e ;  t h e  few s m a l l  lumps are s o f t  and e a s i l y  

broken up ( d e n s i t y  1.1 t o  1.2) .  

9. Run-out a t  t h e  end of a batch inc ludes  a water wash-through of t h e  

turbo-film evaporator  i n t o  t h e  c a l c i n e r .  

Product concen t r a t ions  o t h e r  than H20 and NO3- are not determined. 

S p e c i a l  checks have revealed no NH3 ( o r  NH4N03) i n  off-gas ( a f t e r  

t h e  scrubber) .  

10. 

11. 

12. There is e s s e n t i a l l y  no uranium loss i n  overheads. 

13. The n i t r a t e  decomposition products  and t h e  off-gas composition are 

not  known, o t h e r  than t h e  absence of NH3 o r  NH4N03. 

f. 

? _ .  
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